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CHAPTER! 
1.1 Introduction: 
During the last decade, the acceleration of heavy ion beams at CERN, BNL 
(Brookhaven National Laboratory) and Bevatron LBL has offered an opportunity to 
explore new avenues in the field of High Energy Physics. With the availability of heavy 
ion beams at high energies it has become possible to detect the existence of phase 
transition from hadronic matter to Quark-Gluon Plasma (QGP) in laboratory. So far there 
are no clear experimental indications for the creation of Quark-Matter. The excitement in 
reaching these conditions is also favoured by the recent developments in quantum 
chromodynamics (QCD) [1], which predicts that at sufficiently large baryon densities and 
high temperatures, nuclear matter is therefore expected to undergo a phase transition to a 
state called the Quark-Gluon Plasma (QGP) [2-4]. In this state, the quarks are not 
confined to the hadrons. Quarks and gluons constituents of nuclear matter become 
deconfined and form a QGP. Besides this deconfinement, chiral symmetry is expected to 
be restored in a QGP. which means that the quark masses will approach zero. 
The quark-gluon plasma state is believed to have existed in the early Universe [5]. 
which must have passed through a regime of extreme temperature and density and this is 
important in Big-Bang scenario. A few microseconds after Big - Bang the hot and dense 
Universe was in a state of free moving quarks and gluons. As the Universe expanded and 
cooled, the quarks and gluons become confined to hadrons and hadronic matter was 
formed. By the further expansion and cooling of the system, stars and galaxies were 
formed. It is believed that QGP may today exist in the core of the neutron stars [6]. which 
have extreme baryon densities or temperatures or both. I'he only possible method to 
create and study the existence of very hot and dense nuclear matter in laboratory is the 
sludv of nucleus-nucleus collisions at ultra-relalivislic enerizies. 
1.2 Historical background: 
The process of breaking up of nucleus b\ collision of an energetic panicle in a 
number of charged and uncharged particles is known as the nuclear disintegration. This 
nuclear disintegration can be explained as a two-step process a fast and slow one. in fast 
process, energetic particles are produced including the incident particles and some light 
stable fragments such as H2 H^ Hej and He4 are also emitted. The slow process consists 
of the de-excitation of the excited nucleus by the evaporation process. Most of the 
evaporated particles are neutrons, protons and alpha particles etc. The study of the 
emitted particles may give informations about the structure of the target nucleus and the 
mechanism of interactions. The process of nuclear collisions at extremely high energies 
can provide us to understand about nuclear forces as well as the structure of hadronic 
matter in hadronic interactions. The first clear evidence for nuclear disintegrations by 
cosmic rays was provided by the observations in the photographic plates of emulsion by 
Blau and Wambacher in 1937 [7]. Then this phenomenon was studied with the help of 
improved nuclear emulsions by Occhialini and Powell in 1947 [8]. But the experimental 
knowledge from these studies is limited due to low intensity cosmic rays since the flux 
of the primary cosmic rays falls rapidly with increasing energy. Hence cosmic ray 
studies could not provide much information on interaction phenomena, because neither 
the identity nor the energy of the particles taking part in the interactions were accurately 
known. The interest in nuclear disintegration studies revived with the development of 
particle accelerators because accelerators can provide a beam of any desired particle 
with controlled energies and fluxes. The hydrogen bubble chamber experiments which 
provide a lot of experimental informations about hadron-hadron interaction were meant 
for understanding the hadron-hadron collision process. But in hadron-nucleus collisions 
at high energies have generally been carried out either by employing counter or 
emulsion techniques. The counter technique has been used to study the multiparticle 
production in hadron-nucleus collisions. In counter experiments, target nuclei are 
unique and mass number dependence of various parameters can be studied carefully. 
However, in counter experiment large angle secondaries can not be recorded. While, in 
emulsion a mosl complete picture of tiic interaction is recorded which can provide 
maximum informations of various kind about interactions. But the emulsion studies 
suffer from the defect that the exact separation of nucleon-nucleon collisions from 
hadron-nucleus interactions is not possible. The various kinds of nuclei present in 
emulsion can not be clearly separated out and nuclear interaction with some particular 
kind of nuclei can not be made with its help. Inspite of its limitation the nuclear 
emulsion is still an excellent technique for the study of the high energy nuclear 
interactions due to the following reasons: 
(i) Nuclear emulsion has wide range of sensitivity. 
(ii) Nuclear emulsion has high angular resolution and having 4n solid angle coverage, 
(iii) Number of heavy tracks produced in emulsion provides information about the 
number of encounters made by incident particle inside the nucleus, which is very 
important information in the study of multipaiticle production phenomena. This type of 
information is not possible by other techniques. 
Experimental investigation of the heavy ion collisions at high energies became 
possible only after the discovery of heavy nuclei (Z > 2) in the primary cosmic radiation 
by Freier [9. 10] in 1948. This discovery provided an opportunity to discuss the nucleus-
nucleus collisions in detail. 
The interest in the study of nucleus-nucleus collisions was revived with the 
development of high-energy particle accelerators at high energies such as 
Synchrophasotron at Dubna (Russia) with energies upto 4.5A GeV, Alternating Gradient 
Synchro-phasotron (AGS) at Brookhaven National Laboratory in USA with energies up 
to I4.5A GeV and Super Proton Synchro-phasotron (SPS) at CERN in Geneva with 
energies up to 200A GeV. The improvements in the Held of particle accelerators at 
relativistic energies made it possible to explore the various new possibilities including 
some exotic phenomena [II . 12 and references therein]. 
1.3 Relevance of high energy heavy ion collisions: 
It has been stated that a novel state of matter could be reached in heavy ion 
collisions provided the beam energy is high enough. Ultra-relativistic heavy-ion 
collisions provide a s\slcm in which the properlies of hot. dense strongly interacting 
matter can be experimentally investigated 113. I4|. It has been suggested that the strongly 
interacting matter at the energy densities ~ 2 GeV/fm' produced in these collisions may 
undergo a phase transition to a quark-gluon plasma (QCJP) (15, 16J. Such a phase 
transition could produce large fluctuations in phase-space. Most energetic collisions of a 
nucleus-nucleus interactions give an indications that the energy density over few 
GeV/fm' in comparison to normal nuclear matter - 0.16 GeV/fm^ can be achieved which 
is the necessary condition for the formation of QGP. There have been numerous 
experimental results, which indicate that these collisions cannot be completely 
understood in term of superposition of nucleon-nucleon scattering [17]. Measured 
phenomena, such as strangeness enhancement and J/T suppression show that extremely 
dense strongly interacting matter has been found. It may be noted that the recent lattice 
quantum chromodynamics (QCD) calculations [1.18] predict a critical temperature of 200 
MeV corresponding to an energy density of the order of 3 GeV/fm^ and/or high baryon 
density (> 0.5 /fm^). which is essential for the formation of QGP. 
1.4 Formation of quark-gluon plasma: 
When two very high-energy heavy-ions approaching each other at velocities near the 
speed of light proceed through a number of different stages are shown in Fig. 1.1 (a-d). In 
the first stage, the two colliding nuclei penetrate one another. The quarks and gluons 
constituent of nuclei collide and transfer a large amount of energy from the projectile to 
the vacuum between the two retreating nuclei. Theory predicts that such heating will 
create conditions comparable to these in the first millionth of a second after Big - Bang. 
This stage of the collision, lasting about 3 x 10* sec, is short because of the relativistic 
contraction of nuclei moving nearly at the speed of light (Fig. 1.1(b)). The two nuclei 
formed a hot region between them immediately following the collision (Fig. 1.1(b)). 
There will be fluctuation of the colour field that governs the interactions of quarks and 
gluons produced in hot region of interaction. A number of interesting phenomena is 
expected to take place. 
In this process quark-anliquark pairs arc produced due lo colour field and collision 
energy is converted into particles. Quarks and anti-quarks with very high density, as well 
as the exchange gluons will be build up due lo the high temperature. The quarks should 
no longer be confined inside the normal particles at these high densities. Instead, they 
will roam freely over the hot zone, forming a quark-gluon plasma (QGP) [ 1.13-16.18]. 
Photons and lepton pairs, such as electron-positron or muon-antimuon pairs are being 
radiated from the plasma shown in fig. 1.1(c). The strong force that exists among the 
quarks will not affect the production of leptons and photons as they escape from the 
quark-gluon plasma. 
After the formation of the quark-gluon plasma it cools and changes back to the usual 
hadronic phase of matter. Finally a large number of particles, primarily hadrons (baryons 
and mesons) are produced from the collision of two heavy nuclei. However the particles 
produced in such collisions are shown in Fig. 1.1(d). 
1.5 Signatures of QGP: 
It is difficult to find convincing evidence for a QGP phase transition in heavy ion 
collisions at relativistic energy. It may also be pointed that quarks and gluons co-existing 
in the QGP state can not be measured directly, and a lot of infonnation from the early 
stages of the collision may get lost when the system is in the process of hadronization. It 
is hoped that the transformation of hadronic matter is expected to leave some signatures. 
Some of them are as follows; 
(i) Photon production 
(ii) Strangeness Enhancement 
(iii) J/T Suppression 
(iv) Di- lepton production 
(v)Fluctuations 
1.6 Experimental facilities of heavy ion collisions: 
A systematic stLid\ of the rclativislic nuclear collisions becomes possible with the 
availability of heavy ion beams at various energies. The details of the accelerators 
designed to provide high energy heavy ion beams are given as: 
(1.) Alternating Gradient Synchrophasotron (AGS). Brookhaven National 
Laboratory, USA 
(11.) Super proton Synchrophasotron (SPS), CERN. Geneva 
(111.) Relativistic Heavy Ion Collider (RHIC), Brookhaven National 
Laboratory. USA 
(IV.) Large Hadron Collider (LHC). CERN, Geneva 
In collider machines two ion beams traveling in opposite directions are made to 
collide with each other, making all the kinetic beam energy available for producing 
secondary particles in the reactions. During this process, the nuclear matter can be 
studied under extreme conditions. If the energy density in the region of overlap between 
the colliding nuclei is high enough, the highly compressed matter may under go a phase 
transition to a QGP. Over the past two decades a variety of heavy atomic nuclei have 
been accelerated to ultra-relativistic velocities at Brookhaven National Laboratory (BNL) 
and European Centre for Nuclear Research (CERN). These nuclei range vary in 
comparison from '^O to ""**Pb and in energy from lOA GeV to 200A GeV. The projectile 
energies at CERN and BNL which changes from 10 to 200A GeV are high enough that 
their interactions must be understood in terms of quarks. The other details and 
developments of the above mentioned accelerators are summarized in Table 1.1. 
The only operational heavy ion collider is the Relativistic Heavy Ion Collider 
(RHIC) [19] constructed at Brookhaven National Laboratory is located in Upton. 
NewYork. USA. It is capable of colliding a wide variety of particle species from gold 
nuclei to polarized protons. RHIC is designed to accelerate the gold nuclei upto an energy 
of about 100 GeV per nucleon in a ring of about 4 km circumference. It is expected that 
matter with an initial energy density of many GeV/fm^ may be produced in such a 
collider. RHIC experiments offer a unique opportunity - about the expected transition to 
Table 1.1: Details of heavy ion accelerators. 
S.N. 
1 
2 
4 
5 
6 
7 
8 
Accelerators 
AGS. BNL 
(USA) 
SPS, CERN 
(Geneva) 
SPS, CERN 
(Geneva) 
AGS, BNL 
(USA) 
SPS, CERN 
(Geneva) 
SPS, CERN 
(Geneva) 
RHIC, BNL 
(USA) 
LHC. CERN 
(Geneva) 
Projectile 
beams 
*^^ Si 
16Q 
-^ -s 
"^ ^Au 
208pj, 
20»pb 
'^^•'AU 
20^p^ 
Energy/ Nucleon 
(A GeV) 
14.6 
200 
200 
11.5 
160 
158 
100 
2700 
Commencement 
year 
1986 
1986 
1986 
1992 
1994 
1996 
2000 
2007-08 
a new phase of nuclear matter in whicli the quarks and ghions are no longer confined 
within nucleons and mesons. A hot gkion gas has never before been created and it is 
tlnally presumed that RHIC may offer first glimpse of such matter. Currently, the Larger 
Hadron Collider (LHC) is under construction at CERN, which is expected to become 
operational in 2007. At LHC, the gluon densities are predicted to be even greater. It is 
also expected that quarks and anti-quarks are produced very early in the collision and the 
number of produced particles in the final state is correspondingly higher. 
1.7 Heavy ion physics challenge: 
The main challenge of heavy ion Physics is recording the enormous number of 
particles, which emerge from the collisions. At CERN's present day energies about 1500 
particles are produced in each collision. At the LHC, this will go up to a staggering 
50,000. A large fraction of these must be tracked and identified. Only then a clear picture 
may emerge, and key signals be found pointing to different stages in the evolution from 
the ordinary matter to QGP and back again. 
1.8 Nucleus - nucleus collisions: 
Recently it has been emphasized that there is immense interest in the study of 
heavy- ion collisions with nuclei, which provides a suitable technique for the study of the 
multi-particle production and nuclear fragmentation processes. It is now well understood 
that the relativistic nucleus-nucleus collisions at high energies acquired the central 
interest only when it was realized that the multi-particle production in high-energy 
nucleus-nucleus collisions might provide information about the mechanism of multi-
particle production in the nucleon-nucleon collisions as well. This can be explained on 
the basis of the de-Broglie wavelength of the projectile nucleons in the high-energy and 
low energy regions respectively. The value of the de-Broglie wavelength of the incident 
nucleons is found to be shorter than their inter-nucleon distance (~ 1.8 fm) inside the 
nucleus in high-energy region (i.e. > 2A GeV). Under this condition the projectile 
nucleons inside the target can be considered to be the basic constituents rather than the 
whole target nucleus itself and the projectile nucleons can recognize the individual target 
nucleons. On the other hand in low energy region, the de-Broglie wavelength of the 
pro|cctilc nucleons is comparable to the size of tlic whole nucleus. This implies that the 
whole target nucleus becomes a basic constituent as seen by the incident beam, which 
could lead to the fbnnation of the compound nucleus. Thus, the high-energy nucleus-
nucleus collisions can be regarded as the superposition of the nucleon-nueleon collisions. 
The heavy ion collisions may further be divided into two regions [ 1S, 2()|. 
S t o p p i n g region: It is also known as "baryon rich quark- gluon plasma region"; with 
centre of mass energy -Js ~ 5-10 GeV per nuclcon where the baryons from the target and 
projectile are fully or partly stopped in the middle of the reaction zone. Thus these 
reactions provide a clue to study baryon rich matter, which is known as a confinement 
state of matter (QGP). 
T r a n s p a r e n t reg ion: It is also known as "baryon free quark-gluon plasma region"; 
with centre of mass energy ^Js~ 100 GeV or 10 times energy of stopping region. In this 
region baryons from the projectile and target do not slow down completely in the reaction 
zone and zone appears to be transparent. 
It is believed that in the relativistic region, heavy ion collisions follow almost 
complete stopping, whereas transparency is expected to start in the ultra-relativistic 
region. 
1.8.1 Types of nucleus-nucleus collisions: 
From the geometrical point of view, the type of nucleus-nucleus collision at high-
energies depend on the value of the impact parameter. So on the basis of the impact 
parameter, the heavy ion collisions are categorized into three different groups: peripheral, 
quasi-central and central collisions. 
If Rp and Rt represent the radii of projectile and target nuclei respectively and b be 
the impact parameter, then three types of collisions in terms of the impact parameter are 
defined as: 
(i) In the peripheral collisions the criteria of the impact parameter is 
b = ( Rp + R,) 
The centres of the two colliding nuclei are well separated in peripheral collisions. In such 
collisions only a small momentum transfer between the two nuclei takes place. In these 
to 
collisions, one or both of the nuclei disintegrate through a fragmentation process giving 
rise the projectile nucleus and target nucleus fragments. The processes are illustrated in 
Fig. 1.2 (a) by the pseudorapidity distribution of projectile fragments (PF) and target 
fragments (TF), which are well separated at relativistic energies. The fragments of the 
projectile are emitted within a narrow cone, while the target fragments are nearly 
isotropically distributed in the lab system, 
(ii) Quasi-central collisions have the criteria of the impact parameter as: 
(Rp + RO>b> |(Rp-R,)l 
In this type of coHisions, a nucleon of projectile is no longer a spectator, but it takes part 
in the reaction, and is scattered into the rapidity space between projectile fragmentation 
regions (PF) and target fragmentation regions (TF). Some time such collision is also 
called as central collisions, where projectile and target nuclei are close to each other. 
These two collisions could be also understood on the basis of number of nucleons taking 
part in reaction. Therefore in quasi-central collisions the whole of the kinematically 
allowed rapidity space is available for the produced particles (Fig. 1.2 (b)). 
(iii) The simplest definition of central collisions is: 
0 < b < I (R, - R,) i = b, 
i.e., both nuclei overlap totally and the value of the impact parameter could even reach to 
zero (Fig. 1.2(c)). When Rp < Rt, every projectile nucleus fragmentation process is highly 
forbidden, i.e., the rapidity space available for the produced particles is almost limited 
between projectile fragmentation region (PF) and target fragmentation region (TF) 
(Fig. 1.2(c)). The central collisions are most violent and complex in nature. 
If Rp ~ R,, the cross-section for the total overlapping will be very small [21]. The 
probability for the central collisions is zero, if, Rp = R,. This characteristic of central 
collision is based purely on geometrical definition. Due to this reason different 
definitions are considered for central collisions. 
1.9 Models ol multiparticle production in nuclear interactions: 
Wc will now discuss some theoretical models, which are proposed to explain the 
characteristics of midtiparticle production m niicletis-nucleus collisions at very high 
energies. The predictions of these models are frequently used to explain the main 
experimental results of nucleus-nucleus collisions. Brief descriptions about some of these 
models are given in the following section. 
1.9.1 Wounded nucleon model: 
Wounded nucleon model [22] has been proposed to understand the mechanism of 
multiparticle production in nucleus-nucleus collisions at high energy. The idea of 
"wounded" nucleon (called now a "participant") became one of the basic tools in 
explaining and giving interpretation of the heavy ion collision experiments. According to 
the predictions of this model, the number of relativistic charged particles produced in 
nucleus-nucleus collisions should show a scaling property with the mean number of 
wounded nucleon (w). The average multiplicity in a collision of two nuclei with mass 
numbers A and B is: 
n,,=\l2wn^^,(E), (l-D 
where 'ipp{E) represents the particle multiplicity in proton-proton collision at an 
equivalent energy. Another very convenient and useful parameter to calculate the 
multiplicity per participating nucleon is given as:M = n ^ ^^ / w. Where the parameter M is 
very important for comparing the average multiplicities observed in the colliding systems 
of different sizes; M is believed to depend only on the collision dynamics and not on the 
impact parameter, b. However, the wounded nucleons (w) are observed to depend on the 
nuclear radius, density and impact parameter. The number of wounded nucleons (w) in 
the collision of particle nucleus A and the target nucleus B is given by the following 
expression: 
^ •^.,« ="'..( + » « ( 1 - 2 ) 
where w^= and \r„ = ~ 
cr,,, (T ,^ 
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Here (T^ , and cx^,, are respectively the cross-sections of nucleoli with projectile A and 
target nuclei B and CT ,,, is the total inelastic production cross-section tor the collision of 
projectile nucleus A with target nucleus B. / l , and A/, represent the mass numbers of the 
projectile and target nuclei respectively. 
The number of wounded nucleons in central nucleus-nucleus collision is determined 
by the knowledge of maximum impact parameter, /\^^.^^ . Glauber approach [23] is used to 
calculate the cross-sections using inelastic hadronic cross-sections and nucleon density 
fluctuations of the target and projectile. The value of /?„,^ _^  for the central collisions is 
determined by the following relationship: 
(^par, = ^ ^ L = ^AB Nc.n,ral / Nu.,a! ( 1 - 3 ) 
where A'„.„„„, and A',^ ,^ / respectively are the number of the central and total events for a 
given sample of nucleus-nucleus collisions. 
It may be stressed that the cross-section for the excited nucleons due to various 
interactions is assumed to be the same as that for the unexcited ones; the number of the 
target and projectile interactions may be computed by the following expression: 
^,=AB(^XX/(^XB (1-4) 
and V, =/l,CT„^,/cT,, (1.5) 
The total number of the interactions caused by the projectile nucleons with the target 
nucleons may be evaluated from: 
^ =^''A^B = »B^,-, (1-6) 
It has been reported [22-25] that the predictions of the wounded nucleon model are 
quite compatible with the results obtained for the experimental as well as FRITIOF data 
samples for 200 GeV/c p-Em, 200A GeV/c '^^0-Em and ^'S-Em interactions and Pb-Pb 
collisions at 158 GeV per nucleon energy. 
1.9.2 Fermi - Landau model: 
When two nuclei collide at relativistic energy, we expect the occurrence of high 
energy density regions in two different situations: in the 'stopping' or 'baryon-rich quark-
gluon plasma' region of collision energies with V.v ~ 5-10 (icV per nucleon, and the 
'baryon-free quark-gluon plasma" region ol'collision energy with V.v > 100 GeV per 
nucleon. Two extreme points of \iew can be taken for the amount of stopping of the 
participants in the collision zone, (l-ig. (1.3)). These points of view are expressed in 
hydrodynamical model [26, 27] where energy, momentum, entropy and baryon number 
are conserved in the solution of relativistic hydrodynamic equations. The interacting 
nuclei are seen as fluids of nuclear matter, which are extremely compressed via 
propagating of shock waves, [because of the dominant longitudinal expansion, due to the 
initial projectile direction, and slow transverse communication y,,,,^ ,,^  ~ 0.3 c, the 
equations are usually reduced to the one-dimensional case, assuming a constant 
transverse expansion. 
This model assumes complete stopping of projectile and nuclear matter in the 
collision. In this case the participating nucleons of both target and projectile come to rest 
in the region of mid-rapidity. This scenario is called the Fermi-Landau model [28,29] and 
leads to particle production and a large energy density around mid-rapidity. The energy 
£ „ left for particle production is given by the following relationship: 
E,.L = l^cMs - ^ns, = '«,v• V^/"' + ^> + 2Xp A, A, -m^.iAp + A ) (1.7) 
where m_^, is the rest mass of the nucleon, 7 p^^l ^j ^- Pi where Pp =Vplc, is the 
velocity of the projectile, and Ap and A, are the number of participating nucleons of 
projectile and target respectively. The energy density is calculated by the formula as 
given below: 
s = ^ ^ — ^ (1.8) 
V 
where p is the fraction of stopping and V is the volume of the region of nuclear matter at 
high energy density. Lack of knowledge about the amount of stopping and space-time 
cxolution of the system cause large uncertainties in the estimates of the created energy 
density. 
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1.9.3 Bjorken- IVIcLerran model: 
In the Bjorkcn-Mcl,crran model [IS], the eollision of the two eolliding nuclei can 
be visualized by two thin disks around position /, == 0. Ihe nucleus in the overlap zone of 
the eolliding nuclei may have several nucleon-nucleon collisions, liach nucleon-nueleon 
collision is accompanied by a large loss in energy of the collision. Several experiments 
[30,31] have observed large stopping of 2 to 4 units in rapidity. Ilo\ve\er at very high 
energies, above lOOA GeV, the nucleons can still have enough momentum to proceed 
forward and move away from the collision zone. This effect is known as transparency. 
The energy lost by the nucleons is deposited around z =0. The matter created in this 
collision zone has a very high energy density and small net baryon content. Until now it 
has not become possible to extract information that whether the particles which carry the 
deposited energy will be quarks, gluons or hadrons. The special feature of this model is 
that the formation time, TQ, at which these particles are formed and equilibrium is reached 
due to rescattering is treated as an unknown quantity. The value of x was estimated by 
Bjorken given as: TQ = 1/A^^^ ~ 1/w/cas this process concerns strong interactions. 
In order to calculate the initial energy density of a matter using the predictions of 
Bjorken model, it has been assumed that the two nuclei colliding head-on in the center-
of-mass frame. The region of creation of particles is assumed to be homogeneous in 
rapidity for a longitudinal length Az around z = 0. Observations at the CERN SPS of the 
charged particle multiplicity, d N^.,^ I ciY = constant at mid-rapidity Y = 3, justify this 
assumption. Most of the emitted number of particles will be pions and are represented by 
3 
N. So that N is approximately given as: A^  w -^-^ch^^gc • The total content of energy, EBM, 
contained in the cylinder of interacting matter can be estimated according to the 
following expression: 
c/E 
E 
clY 
^ (IN, 
A Y = - ^ ^ ^ . < / : , > , , .Ar (1.9) 
where the measured average energy per partiele <lv[>|. ~ 500 MeV [IS, 3()| and AY = z\z 
(c.i(i). 1-or a central S+Au eolhsion tlic estimated energy density, using for the Sulphur 
radius Rs = 1.15. /l!,. ' , yields 
dN^, ,^ 
3 "• < E, >, 
r.= '^ , (1.10) 
2K (\.\5A-;f CT. 
By using the above formalism, 84% of the total beam energy was converted into 
particle production around mid-rapidity. In the Fermi-Landau model [28,29] the 
calculated energy density for the beam energies of 10 GeV to 200 GeV per nucleon are 
found to be in the region 0.85 < e < 8.1 GeV/fm\ The large uncertainty in these 
calculations is due to a lack of knowledge about the size of the reaction volume. 
1.9.4 Random alpha - cascade model: 
This model was introduced by Bialas and Peschanski [32], as a model of 
multiparticle production m high-energy collisions. According to this model the study of 
fluctuations of the rapidity density in relativistic nuclear collisions was made effectively. 
The random cascade is self-similar cascade picture of the multiparticle production 
process and thus gives scale-invariant rapidity density fluctuations. 
On the basis of such models, at each step of the cascade all the pseudorapidity 
subintervals are divided into a series of self-similar steps. Let us considers the M rapidity 
intervals of width 5r| correspond to number v of partitions of the initial interval Ar|, each 
one in X rapidity segments. The number of bins, M, in terms of total pseudorapidity range 
Ar| and bins of equal width 5r| may be written as: 
X = ^ = M (1.11) 
The partition of the phase space can be visualized in temis of the Cayley tree, which 
is depicted in Fig. 1.4. The phase space partition box diagram is also shown in Fig. 1.5 
for the simplest case of X = 2. One event will be defined by a set of randomly chosen 
numbers W's, in Cayley tree than random cascade models involve a probability 
distribution r(W) with corresponding moments: 
< IV > = Uv" r(lV) d\V , <W > = \ (1.12) 
The function r(W) induces density Huctuations as tiic rapidity window is broken up 
into ever smaller bins. The density P,,, m the m" bin is given by the following 
relationship: 
M „,_, M < p{m) > 
where the sequence of indices n defines a path leading to a given bin m with the particle 
density pi»i). One assumes that there exists a range of scales inside of which the weight 
W are constant, i.e., they do not depend on the scale at which they operate. According to 
this model the behaviour of intermittent character follows as: 
F^=<iMPy>^<YlW,:> ={An/Sny"'""-""' (1.14) 
The intermittency indices in this model are expressed as 
a^=\n<W'' >/\nA (1.15) 
The intermittency indices, aq, in above Eq. (1.15) predict the existence of a multifractal 
spectrum [33 and references therein]. 
The random cascade model is called a-model [34] for the simplest case of ?i = 2. In 
this situation a two-level probability distribution is used to explain the simplest form of 
r(W) distribution as: 
r(W) = pS(W-W_) +{\-p)S(W-WJ (1.16) 
where 0<W^ <\<W^ and pW^ +{\-p)W^ =1 due to the normalization condition of 
Eq. (1.14). The value of W^ >\ represents an enhancement in the density. The density 
enhancement with probability (1- p) at each step of the cascade, while l'V_ < 1 represents 
the depletion in density with a probability (I- p). Enhancement and depletion in the 
density result in the formation of "spikes" and "holes" respectively in the rapidity 
distribution. The intermittency indices in this case are given by: 
« , =\n[pW:' +{\-p)W;']J\nA (1.17) 
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The study of the factorial nioiiients and iiiiiltifractal analysis reveals new interesting 
features, ihe model predicts the occurrence of various phase transitions [35-37] provided 
the parameters p and A. are changed. The moments of factorial moments arc useful to 
re\eal these transitions due to the tact that the distributions of the factorial moments are 
extremely irregular by themselves [38]. Introducing the normalized moments of moments 
and ascribing to these a power-law behaviour at small bins of the form, 
<F''{Sn)> 
< z ; ; > = -^j^j;-^^(^^/) ' < ^ ; ' ( ^ > 7 ) > ^ i ^ ^ ) " ' (1.18) 
The dependence of the indices Sp^  on the parameters of the model can be analysed 
in the framework of a-model. The indices, Spq, act as order-parameters. The a-model is 
not suitable to predict the correct dependence on the distance between bins. The model 
follows power-law behaviour with an exponent 
«P, = « p . , - « , - « , (1-19) 
related to the usual intermittency indices. The experimental values do not follow a 
straight line on a log-log plot. Moreover, there are no finite intervals where they satisfy 
the above relation. When roughly approximated by a straight-line fit, the experimental 
values of ttpq are larger than those of the a-model. 
1.10 Aim of the present study: 
The main aim behind the present experimental work is to investigate the 
mechanism and collision geometry of multiparticle production in the interactions of ^^ Si 
and ~C nuclei with nuclear emulsion at the energy of 4.5 GeV per nucleon. An 
introduction to high energy heavy ion collisions has been given in Chapter I. Details 
about the emulsion stacks used, scanning procedure, method of classification of tracks of 
secondary particles, criteria used for selecting events, method of measuring emission 
angles and ionization, etc., are presented in Chapter II. 
In Chapter 111 we report some results on general characteristics of the secondary 
particles produced in the interactions of *^*Si and '"^ C nuclei at 4.5A GeV/c with nuclear 
emulsion. In this chapter a modest attempt is made to unearth the dynamics of 
IK 
nuiltiparticle production in nuclear collisions. The results presented here include the 
study of mean multiplicities, multiplicity distributions of various charged secondaries, 
multiplicity correlations, KNO scaling along with normalized moments, rapidity gap 
distributions and various characteristics of interacting projectile nucleons. 
In Chapter IV an attempt is made to study the existence of non-statistical fluctuations 
using the method of Scaled Factorial Moments (SFMs). The dependence of SFMs on the 
number of bins M is found to follow power law behaviour for the experimental data in 
pseudorapidity phase-space. The values of intermittency index, a^, obtained from the best 
linear fits of ln<Fq> versus InM graph are found to increased with the increase in order of 
moments, q. The increasing trends of anomalous fractal dimensions, dq, of the 
pseudorapidity distribution with the order of the moments, q observed in the present 
study supports a self-similar cascade mechanism. The calculated values of generalized 
fractal dimensions, Dq, are found to decrease with the order of q for our data. This 
behaviour of Dq with q clearly indicates that there is no existence of second order phase 
transition. Multifractal specific heats have also been calculated from the knowledge of 
the generalized fractal dimension, Dq. No systemafic variation in the values of the 
multifractal specific heat determined for different types of collisions has been found. Our 
results do not reveal any kind of universality in the values of the mulfifractal specific 
heat. Silicon data indicate the presence of non-thermal phase transition whereas no such 
transition has been found for Carbon data. Finally, a scaling law behaviour has been 
observed for higher order factorial moments. 
Based on the findings of the present experimental investigations, brief conclusions 
are reported in Chapter V. 
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(a) 
(b) 
(c) 
hadrons 
baryons 
(d) 
photons 
Fig.1.1: Four stages in the collision of two heavy nuclei, reading from top to 
bottom: initial approach, interaction through the color field, formation 
of a Quark -Gluon Plasma and radiation of photons and lepton pairs, 
and formation of hadronic matter. 
b = R,.+ R, 
( R p + R r ) > b = |Rp -RTl 0 ;; = - In tan 0/2 T]P 
(b; 
0 < b < | R p - R T | 7 = - In tan 0/2 np 
( c ) 
0 /7 = - In tan 0/2 ///. 
"igurc 1.2: A schematic diagram (if collision geomclr\ and pscudo-rapidil\ 
distributions in heavy ion nucleus-nucleus collisions at high 
energy. 
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dN/dY 
projectile 
(a) 
dN/dY 
Fig 1.3: Particle production for two extreme scenarios. The Fermi 
Landau model shows complete stopping, in (a) and the 
Bjorken - McLerran model shows partial transparency, in (b) 
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Fig. 1.4: Cayley tree representation of intermittency. 
Fig. 1.5: Box diagram of intermittency. The initial phase space is 
divided into boxes following the Cavley tree scheme of 
Fig. 1.4. 
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CHAPTER -II 
Experimental Techniques 
2.1 Introduction: 
In the present study, the nuclear emulsion has been used as a detector to extract 
mformation on the production of particles produced m high-energy hadron-nucleus (h-A) and 
nucleus-nucleus (A-A) collisions. The Nuclear emulsion is a sensitive detector, which is used 
to record and store the informations permanently about the charged particles and provides 
vital informations regarding the number of encounters made by incident particle inside the 
nucleus. Due to its unique spatial and ionization resolution, rare events can be detected even 
in the presence of high backgrounds. The tracks of the particles with different ionizing 
powers appear quite different in emulsion due to its unique spatial and ionization resolution. 
So it can resolve events separated by few microns. The emulsions have high density and 
high stopping power, which is about 1700 times more than that of the standard air [1]. 
Moreover, it is also called a 47r-detector due to its special features of examining in detail 
about the nuclear interactions. 
2.2 Composition of nuclear emulsion: 
A nuclear emulsion basically consists of three components [2-4]: 
1. Silver halide:- It is mostly bromide with a small admixture of iodide. 
Whenever a charged particle passes through nuclear emulsion, some of the halide grains 
arc modified in such a way that when they are immersed in a reducing agent called 
developer, are turned into black silver grains. 
2. Gelatine:- which serves the purpose of matrix material for emulsion and a plasticizer, 
such as glycerine. 
3. Water:- which keeps it moist and prevents it from peeling off 
The gelatine of emulsion serves not only as a suspending medium for AgBr phase, 
but It also coats and protects the surface of grains. The glycerine, which is used as 
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plaslici/.cr, reduces the bnltlencss of the emulsion. Ihe chemical composition (5| of the 
emulsion can be summarized as: \% hydrogen (H), 16% C'arbon-Nitrogen-Oxygen 
(CNO) and (S3% Silvcr-Bromide (AgBr). Ihe percentage of interactions in emulsion with 
11, CNO or AgBr group of nuclei depends, however on the energy and identity of the 
incident beam. The average mass number, <A>, of the different groups of nuclei may be 
obtained by; 
giving the values of mean mass <A> cc]ual to 1, 14, 70 and 94 respectively for II, CNO, 
emulsion and AgBr groups of nuclei. The average composition of standard emulsion in 
terms of the number of atoms N, per c.c. and mole per c.c. for the element of atomic 
number Z; and atomic weight A, are given in Table 2.1 [6]. 
2.3 Energy loss by charged particles in passing through matter: 
When a charged particle interacts with the electron of the matter, it looses energy 
through the following processes. 
2.3.1 R a d i a t i o n l o s s : (i) Bremsstrahlung 
(ii) Cerenkov Radiation 
(i) Bremsstrahlung: Radiation produced when a low mass particle such as electron 
passes through the field of atom or nucleus is called Bremsstrahlung. The radiation loss 
due to it is proportional to the square of the acceleration of a charged particle of mass M. 
It has a continuous energy spectrum. 
(ii) Cerenkov radiation occurs only when the velocity of the particle traversing the 
medium is large in comparison with the velocity of light in the medium. Thus the 
radiation loss is hardly of any importance in our experiment, as they do not play 
significant role for particles with which we are concerned. 
2.3.2 Collision loss: 
A charged particle moving through matter transfers energy to the atomic electrons 
through the electromagnetic interaction. The electrons are thus raised to higher energy 
levels of the atoms. If the electron gets sufficient energy so as to get ejected from the 
2<S 
Tabic 2.1: Ihe average chemical composition of standard emulsion. 
S.IN. 
1 
2 
3 
4 
5 
6 
7 
8 
Elements 
Ag 
Br 
I 
S 
0 
N 
C 
H 
Zi 
47 
35 
53 
16 
8 
7 
6 
1 
Ni(X10-") 
101.01 
100.41 
0.56 
01.35 
94.97 
31.68 
138.3 
321.56 
Ai 
lOS 
80 
126.93 
32 
16 
14 
12 
1.01 
Mole/c.c. (XIO"') 
16.764 
16.673 
0.094 
0.216 
16.050 
05.147 
22.698 
53.571 
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atom, the latter is said to be loni/.ed. If tlie energy acquired by the electron is not 
sutTicient to cause the ionization, it remains m an excited bound state, hi either case, the 
increased energy of the electron is taken from the kinetic energy of the incident particle. 
'fhe rate of loss of energy per unit path length due to inelastic collisions of a fast 
charged particle with atomic electrons was calculated by Bohr [7], using the classical 
theory. The following expression for the energy loss per unit path length has been 
obtained by Livingston and Bethe [8], using quantum mechanical treatment. 
f dE^ AnZ'e'N 
dX J oil mV^ 
z^iog-T^^-Z^^KQ (2.1) 
where Ze and V respectively the charge and the velocity of the particles, Z is atomic 
number and yV is number of atoms per c.c. of material medium, /represents the mean 
ionization of the atoms of the medium, m is mass of the electron, /? = y and Q is a 
correction term required only if V is comparable with k shell electron velocities of the 
stopping material atoms but large with respect to those of other orbital electrons. 
The above relationship derived from homogeneous media when applied to the nuclear 
emulsion, by summing over the various atomic species present, may be written as: 
2 4 dE AnZ'e 
dX mV •z^. 2 , log 
2mV P'\-c,, (2.2) 
where N^ is the density in the emulsion of atoms of atomic number Z, and ionization 
potential /, . Eq. (2.2) is widely used for identification of particles in all the visual 
detectors due to its strong dependence of energy loss on charge and ionization potential 
/, . 
2.4 Track formation in nuclear emulsion: 
A charged particle moving through emulsion gradually loses its energy owing to its 
electromagnetic interactions with the electrons of the atoms of the medium around its 
path. Consequently, the energy of the atomic electrons increases and they are raised to 
excited energy states, which may result into ionization of the atoms, in such a fashion. 
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that on immersing in the reducing bath (developer) they are turned into grains of'metalhc 
silver, which appear to be black grains. The extended path of a charged particle appears 
as a scries of grains and is called 'track'. The characteristics of a track such as ionization, 
range, 6-rays, etc., depend on the identity and energy of the particle producing it. 
The production of relativistic charged shower particles (P > 0.7) and grey particles 
(0.3 < P < 0.7) in the interaction of high energy projectile in nuclear emulsion occurs in a 
very short time after the impact of the projectile, whereas, large number of nucleons and 
other heavy fragments are emitted due to the de-excitation of residual nucleus which 
remains in an excited state for a long time on the nuclear scale. Generally the particles 
emitted in this process known as evaporation are classified as black tracks. In addition to 
the above mentioned particles some non-interacting projectile fragments are also 
produced along the direction of the projectile into singly, doubly and multiply charged 
fragments. 
2.5 Experimental details: 
In this part of the chapter we describe the details of the experimental procedure 
adopted in the present investigation. 
2.5.1 Stack used: 
Two stacks of BR-2 emulsion with printed grid on air-surface, exposed to a 4.5A 
GeV/c silicon and carbon beams at the Synchro-phasotron of Joint Institute of Nuclear 
Research (JINR), Dubna, Russia, are used in the present study. The details of the pellicles 
and incident flux of the beam are given in Table 2.2. 
2.5.2 Scanning procedure: 
An interaction event in the emulsion is recognized as STAR due to its 
characteristics. The process of searching the recorded events in nuclear emulsion is 
known as 'scanning'. 
Tabic 2.2: Details of slacks used. 
Stack Number Mature of Dimension of Incident Beam Flux 
Beam pellicles (cm"*) (XIO^ Nuclei/cm ) 
Y9-1 to 40 
160-11 to70 
12 
c 
28t 
18.6x9.7x0.06 -0.69 
17.1x9.8x0.06 -2.36 
In the present work, the method ofline scanning has been used to pick up interaction 
stars using the JAPAN made NIKON (LABOPHOT and TC-BIOPHOT) microscopes 
with 8cm movable stage using 40X objectives and I OX eyepieces. In this method the 
beam tracks were picked up at least 3mm from the entrance edge of the pellicle to 
eliminate the distortion effects. The primary interactions based upon the following 
criteria were selected as: 
(i) The beam flux should be uniform and not very large. 
(ii) Beam should not be dipping, so that it may traverse considerable length in an 
emulsion plate. 
(lii) Length of the pellicles should be considerable large. 
(iv) The mean direction of the primaries was kept along the X-axis of the microscope 
stage. The projected angle, 6^^, with respect to the mean direction and angle of dip, 5 , 
of the incident primaries were measured. The tracks with 9p< 2, 5^ < 0.5° and having 
minimum ionization were accepted as primaries due to beam particles. 
(v) In order to facilitate the measurements, the stars which were produced with in 35 |.im 
from the top or the bottom surfaces of the emulsion have been excluded from the 
analysis. 
(vi) The tracks were also followed back in order to make sure that the events were due to 
genuine primaries. 
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In order to facilitate various measurements, the interaction events were examined 
under a total magnification of 10x95 using lOx eyepieces and 95x oil immersion 
objective. 
2.5.3 Classification of secondary tracks: 
The tracks associated with the interactions are classified into following groups [9]. 
2.5.3.1 Shower tracks: 
The tracks having specific ionization g'(= g/go) < 1.4 and relative velocity P > 0.7 
are taken as shower tracks, where go is the Fowler and Perkins parameter for plateau 
ionization of relativistic particles. The number of such tracks in an event is represented 
by 'Ns'. Shower tracks producing particles are mostly pions, with small admixture of 
charged K-mesons and fast protons. 
2.5.3.2 Grey tracks: 
The secondary tracks having specific ionization in the interval 1.4 < g < 10 are 
known as grey tracks. The numbers of such tracks in a star are designated by 'Ng'. This 
corresponds to protons with velocity in the interval 0.3 < P < 0.7 and range > 3.0 mm in 
emulsion. Grey tracks are associated with the recoiling protons and have energy range 
(30-80) MeV. The sum of the number of grey and shower tracks in such an interaction is 
known as compound particle multiplicity and their number in a collision is represented by 
Nc = Ng+Ns. 
2.5.3.3 Black tracks: 
The secondary tracks having specific ionization g > 10 are classified as black 
tracks, which is represent by 'Nb'. This corresponds to protons of relative velocity P < 
0.3 and range in emulsion R < 3.0 mm. The particles producing black tracks are mainly 
the fragments emitted from the excited target. This ionization corresponds to protons with 
energy range < 30 MeV. 
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2.5.3.4 Heavily ionizing tracks: 
The black and grey tracks taken together are termed as heavily ionizing tracks. 
Thus these tracks correspond to g* > 1.4 or (3 < 0.7. Their number in a star, Ni, = (Nb+Ng) 
is a characteristics of the target. 
In order to correct for any possible loss of the very dipping tracks in the 
experiment, only those heavily ionizing particles have been considered for average 
multiplicity calculations which are having 6j < 30 and a geometrical correction factor 
K has been attached to each heavily ionizing particle with 6^ < 30 such that 
K=l, when 150° < ^,<30°, 
Otherwise, 
K = ^/ 
2Sin-'(sin30"/Sme^) 
where 0^ is the space angle of the track with respect to the beam. 
The total number of charged particles produced in an interaction is denoted by Nch 
= Ng+Nb + Ns = Ns + Nh. 
2.5.4 Identification of projectile fragments: 
In a peripheral collision only a part of the projectile nucleus is directly involved in 
the collision. Therefore, the projectile nucleus breaks up into singly charged fragments, 
neutral particles and also into multiply charged fragments. During data analysis these 
fragments have also been grouped into doubly and multiply charged fragments based on 
the following criteria: 
Doubly charged PFs (Z = 2): The particles having g* =; 4 with no change in 
ionization along a length of at least 2 cm from the interaction vertex and having an angle 
of emission 9 < 4 . 
Multiply charged PFs (Z > 3): The particles with g* > 6, 9 < 4° and without any 
change in ionization along a length of at least 1 cm from the vertex have been put under 
the category of multiply charged PFs (Z > 3). 
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It is needless to mention that the above cited charged projectile fragments do not 
include the grey and/or black tracks producing particles since those are considered as 
target fragments. 
The charge estimation of PFs has been done by ionization measurements and by 5-
ray countings. It is not possible to separate fragments of charge Z =1 by these methods. 
However, their number has been estimated and excluded from the multiplicity of shower 
particles and the details may be found else where [10]. 
2.5.5 Ionization measurement: 
The ionization caused by a particle can be determined by any one of following 
methods on the track of a particle, 
(i) Grain - density 
(ii) Blob - density 
(iii) Blob and gap densities 
(iv) Delta - ray density etc. 
We give only a brief account of those methods, which have been used in the present 
experiments. 
2.5.5.1 Grain density: 
The grain density is defined as the number of grains per unit path length. The 
density of the developed grains depends on the charge and velocity of the particle, which 
is a function of ionization loss of that particle. However, it is observed that the grain 
density, g, is affected by the degree of development of emulsion. Therefore, in order to 
obtain accurate value of ionization a parameter known as specific ionization (g* = g/go) is 
obtained by dividing it with the grain density on a track of a relativistic particle lying in 
the same region of emulsion. The grain density, g*, is proportional to the ionization loss 
per unit length, that is, 
g'orclN/dr oc -dE / dX oc Z^ / J3" fi/3) , 
The above equation for singly charged particle (Z = 1) reduces to 
g*cxl/y9V(/?), 
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Hence some idea about the velocity of the particle can be obtained by the measurement of 
grain density. 
2.5.5.2 Blob density: 
When the velocity of a particle is not too high, some of the grains in the tracks are 
clogged together and to form blobs. It then becomes difficult to count the number of 
grains accurately, because the true number of grains is uncertain. In such cases, the 
number of individually resolved grains or blobs is counted. This method is known as 
'blob counting' and has its application to a limited range of ionization. 
2.5.5.3 Blob and gap densities: 
When a charged particle has small velocity, it will produce more ionization, the 
grains are frequently formed close together, and due to this the exact counting of grains 
becomes very uncertain. In such condition, blob and gap method is commonly used for 
determining the ionization produced. 
The method is based on the observations by O'Ceallaigh [11] that, over a limited 
range of ionization, the lengths of the gaps (defined as the distance between the inner 
edges of two consecutive blobs) occurring in the tracks of ionizing particles in emulsions 
show exponential distribution of the form: 
H{L) = Be-'' (2.3) 
where H{L) denotes the density of the gaps having lengths greater than 1 and B is the 
Blob density. The coefficient, g, in Eq. (2.3) has been shown by Fowler and Perkins [12] 
to give a good measure of the ionizafion caused by the particle. 
They also observed that the value of g/go, where go corresponds to the ionization of 
a relativistic singly charged particles, is pracfically independent of the degree of 
development of the emulsion and it was suggested that the parameter g may be taken to 
be the most useful parameter for measuring the ionization caused by a particle. Fowler 
and Perkins [12] have suggested the following method for finding the value of g. If Hi 
and H2 respectively represent the number of gaps of lengths greater than li and I2 per unit 
length of the track, then the value of g may be given as: 
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(2.4) 
2.5.5.4 Delta ray density: 
When the energy transferred by a charged particle, while traveling through nuclear 
emulsion to an atomic electron in a single collision is large enough so that these electrons 
produce secondary ionization, the result is a series of short tracks with length greater than 
a certain minimum length are called as delta ray [12, 13]. A minimum length of 1.58)i 
from the axis of the particle track is counted as delta-ray. The delta ray density is 
generally used in identifying the particles of projectile fragments. 
2.5.6 Angular measurement: 
The angle of emission of a particle is determined by finding the space angle of the 
corresponding tracks with respect to the primary. Since the direct measurement of the 
space angle is not possible, its value is deduced by the following relation [1]: 
0^ = C0S~' [COSO^ * COSO, ] (2.5) 
where 0^ and 0^ represent the projected and dip angles respectively of particular tracks. 
However, if the angular separation between the tracks in the forward cone is very 
small, then it becomes difficult to measure the 9^ and 6^ directly due to overlapping of 
the tracks. In such cases, the coordinate method is used. In this method the primary of an 
event is aligned along the X- motion of the microscope. The (X,Y,Z) coordinate of the 
vertex of the given event is measured as (Xo,Yo,Zo). The stage is moved by a known 
distance and the (X|,Yi,Z|) coordinates of a point on that particular tracks are measured. 
Knowing AX, AY and AZ, the projected and dip angles are found using the relafions: 
^,, =tan-' 
vAZy 
(2.6) 
9^1 = tan f ^ ^ ^ l (2.7) 
I AX J 
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where S.F is the shrinkage factor, which is defined as the ratio of the thickness of 
unprocessed to the processed emulsion. The errors in space angle using this method is 
small due to accurate measurement of position coordinates (X,Y, Z). 
2.5.7 Target identification: 
The exact identification of target in emulsion experiment is not possible since the 
medium is composed of H, C, N, O, Ag and Br nuclei, The events produced due to 
collisions with different targets in nuclear emulsion are usually classified into three main 
categories on the basis of the multiplicity of heavily ionizing tracks in it. Thus, the events 
with Nh< 1, 2 < Nh < 7 and Nh > 8 are classified as collisions with hydrogen (H, A T = 1), 
group of light nuclei (CNO, < Aj > = 14) and group of heavy nuclei (AgBr, < Aj > = 94) 
respectively. 
However, the grouping of events only on the basis of Nh values does not lead to the 
right percentage of events of interactions due to light and heavy group of nuclei. In fact, a 
considerable fraction of stars with Nh < 7 are produced in the interactions with heavy 
group of nuclei. Therefore we have used the following criteria [10, 14]. 
AgBr events: 
(i) Nh >7, or 
(ii) Nh < 7 and at least one track with rang R < lOfim and no track 
with 1 0 < R < lOfim 
CNO events: 
(i) 2 < Nh < 7 and no track with R < 10)im. 
H events: 
( i )Nh=0 ,o r 
(ii) Nh = 1, and no track with R < 10)am. 
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CHAPTER -III 
General Characteristics of Heavy Ion Collisions at 
High Energies 
3.1 Introduction: 
In this chapter, we present some experimental results on multiplicity distributions of 
heavily ionizing particles and relativistic shower particles produced in "^ Si and '^C-
emulsion collisions at 4.5A GeV/c to extract the valuable information about the 
mechanism of particle production. Some results have also been obtained on the general 
characteristics of relatively slower particles and several types of correlations among the 
various secondaries have been investigated. Different results obtained are compared with 
other results on nucleus-nucleus and hadron-nucleus collision in order to find the 
dependence of various parameters on projectile and target mass. Besides the above, the 
scaling of multiplicity distributions of relativistic shower particles and slow particles 
produced has also been studied in order to check the validity of KNO-scaling. A 
simplified universal function has been used to represent the experimental data. Finally, 
some results on the dependence of shower particle multiplicity on the number of 
interacting projectile nucleons have been made. 
3.2 Multiplicity distributions of black, grey and heavy tracks: 
Multiplicity distributions of heavily ionizing particles as observed in the present 
experiment are presented in Fig. 3.1 (a-c) in '^Si and '^ C - emulsion interactions at 4.5A 
GeV/c. For the sake of comparison, the respective distributions obtained for proton-
emulsion interactions [I] are also shown in the same figures at the same energy. The 
peaks of the distributions appear in the lower values of Nf,, Ng and Nh in the above 
figures. It is clearly observed from these figures that all the distributions are essentially 
similar as obtained for '^^ S-Em interactions [2] and other projectiles [3-5], which indicates 
that the target associated particles are characterized by a weak dependence on the 
projectile mass number Ap. This result is consistent with those obtained by other workers 
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[6.7J. The percentage of events with large values of Nb, Ng and Nh in nucleus-nucleus 
collisions increases with increase in projectile mass with respect to proton-nucleus 
collisions at the same energy per nucleon. The range of the distributions are found to be 
extended upto larger values of these parameters in case of heavier projectiles. The 
behaviour of extended distribution for heavier projectiles in comparison to proton beam 
may be understood in terms of large number of collisions between the nucleons of the 
interacting nuclei. 
The multiplicity distribution of total charged secondary particles Nch (Nch = Nb + 
Ng + Ns) is displayed in Fig. 3.2 for Silicon as well as Carbon beams. Both the 
distributions are broader than proton-nucleus collisions. The tails of the distributions are 
found to extend upto high multiplicities of Nch = 267 and 112 respectively for ^^ Si and '"C 
projectiles. The long tail of the distributions may arise from the interactions of all the 
nucleons present in the projectiles with the target nucleus which is ultimately due to 
possible transfer of projectile energy to the total nuclei. Further, it is concluded that the 
corresponding Nb, Ng and Nh-distributions for ^*Si-AgBr and '^ C-AgBr interactions 
shown in Fig. 3.3 (a-c) are broader than those for ^*Si-CNO and '^C-CNO interactions 
(Fig.3.4 (a-c)). This may reflect the effect of the target mass number on the number of 
collisions of'*Si and ''^ C with target nuclei. 
3.3 Integral multiplicity distributions: 
Exhibited in Fig. 3.5(a) and 3.5(b) are integral frequency F (N > Nh) distributions of 
heavily ionizing particles in the interactions of "^Si-Em and ''C-Em at 4.5A GeV/c. It 
appears from the figures that the integral frequency distributions in both the interactions 
are denoted by four distinct straight lines. In which the first line segment represents the 
interactions with light nuclei (H, C, N, O) in addition to peripheral collisions with AgBr 
nuclei. The second and third lines correspond to the superposition between the peripheral 
and central collisions with heavy nuclei. The last line is due to the central collisions of 
Si and "C projectiles with heavier nuclei. 
41 
0.24 
0.21 
0.18 
Z°0.15 
C 0.12 
S 0.09 
^ 0.06 
0.03 
0.00 
1 
- • 
• 
(a) 
I . 1 . 1 
• 
P-Em 
_ . 1 . L . 
10 15 20 25 30 
N. 
35 
15 20 25 30 
N 
35 
0.18 
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tracks (b) grey tracks and (c) heavily ionizing tracks. 
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Similar results have also been reported by other workers [8-10]. On the basis of these 
divisions, it may be concluded that the integral multiplicity distribution of heavily 
ionizing particles are used to represent the interactions with different emulsion groups as 
well as different types of interactions. 
3.4 Multiplicity distribution of shower tracks: 
The multiplicity distribution of relativistic shower particles is shown in Fig. 3.6 for 
'**Si, '~C and P-emulsion interactions at 4.5 GeV/c per nucleon. From the figure it is 
observed that the distribution shows sharp peak for P-emulsion interactions whereas, no 
such peak is observed for " Si and C -emulsion interactions. It is also found that the 
peak of the distribution is shifted towards higher Ns for ^^ S and ''^ C, while the widths of 
the Ns -distributions for ^^ Si and ''C -emulsion interactions are not comparable. From the 
figure it is also examined that the tail of the distribution extends to much larger values of 
Ns for ~^ Si -projectile than 'C -projectile. This clearly indicates that more relativistic 
charged particles ((3 > 0.7) are produced with increasing projectile energy and mass 
number of the projectile nucleus. 
3.5 Mean multiplicity of secondary particles: 
The mean multiplicity is the average number of charged particles produced in 
various types of high-energy heavy ion collisions. Multiplicity of different charged 
particles is a useful parameter to understand the mechanism of multiparticle production. 
The values of the mean multiplicities of shower, black, grey and heavily ionizing 
particles produced in '^Si-nucleus and '^C-nucleus collisions at 4.5A GeV along with 
other results are presented in Table 3.1. It can be observed from the results shown in the 
table that values of <Ng> increases with increasing mass of the projectile as well as 
energy of the projectile except "^S-Em interactions. The values of <Nb> do not exhibit 
any such trends. On the other hand the mean multiplicity of relativistic charged particle, 
<Ns>, is observed to increase with increasing projectile mass as well as energy of the 
projectile. 
It is interesting to study the dependence of the average multiplicities on projectile 
mass, Ap, using the following power law: 
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<^, > = a ,(4^' (3.1) 
where i = b, g, h, s, and <N|> represents the mean multiplicity. The values of the slope 
(p) for grey, heavy and shower tracks obtained from the least - squares fits are given as: 
(0.399 ± 0.023), (0.135 ± 0.008) and (0.853 ± 0.009) respectively. The dependence of 
<Nb>, <Ng>, <Nh> and <Ns> on the projectile mass number, Ap, are presented in Fig. 
3.7(a-d). From the table and the figure it can be seen that <Ng> is found to show a weak 
dependence on Ap, whereas the variation of <Ns> on Ap is characterized by a relatively 
strong dependence. Further it has been reported that the values of Ps and pg are slightly 
higher than the corresponding values in case of hadron-nucleus interactions [11,12]. The 
observation may indicate that the "^ S^i and '^ C projectiles at a given impact parameter are 
an extended object rather than a point object as in the case of a hadron beam. 
The variation of <Nb> with Ap shown in Fig. 3.7(a) is almost independent of the 
projectile mass number and its energy. This constancy of <Nb> indicates that the average 
excitation of the residual target nucleus has reached its saturation at present projectile 
energy. The strong dependence of the total charged secondary particles on the masses of 
colliding nucleus are due to the increase in the overlapping region of the two interacting 
nuclei. 
3.6 Multiplicity correlations: 
Multiplicity correlations among the secondary charged particles produced in hadron-
nucleus and nucleus-nucleus collisions have been widely studied which help to 
investigate the mechanism of particle production. According to the existing 
representation, shower and grey tracks producing particles characterize the first stage of 
the inelastic collision between the two nuclei and black track producing particles 
correspond to the next stage of the collision when the de-excitation process occurs 
through the evaporation of nucleons. Multiplicity correlations of the type <N, (Nj)> have 
been extensively studied in case of hadron-nucleus collisions [15, 16] and the following 
linear relationship has been found: 
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Table 3.1: Mean multiplicities of various particles produced in heavy ion 
collisions at high energies. 
Energy/ 
nucieon 
(AGeV) 
4.5 
4.5 
4.5 
4.5 
4.5 
2.1 
4.5 
4.5 
2.1 
60 
200 
200 
Collision 
Type 
p-Em 
a-Em 
'•Li-Em 
Li-Em 
"C-Em 
"N-Em 
-^Si-Em 
" Mg-Em 
'"Fe-Em 
'"O-Em 
"O-Em 
''S-Em 
<Nb> 
3.7710.08 
4.70 ±0.20 
4.91 ±0.30 
5.37±0.18 
5.01 ±0.45 
4.57 ±0.21 
5.16 + 0.36 
5.3210.13 
4.40 ±0.38 
4.91 10.34 
5.3910.29 
4.9710.26 
<Ng> 
2.81 10.06 
4.7010.20 
4.23 10.21 
3.8010.12 
7.3010.63 
5.29 ±0.31 
6.95 ± 0.65 
7.88 ±0.21 
9.10± 1.10 
2.16±0.15 
2.03 10.11 
2.25 10.12 
<Ns> 
1.63 10.02 
3.9010.10 
5.09 10.29 
3.6010.19 
7.2410.89 
8.85 ±0.28 
15.64 ±1.23 
10.7910.22 
14.0711.0? 
34.1212.3 
57.3013.1 
79.2014.1 
<Nh> 
6.5110.10 
9.4010.23 
9.14 10.37 
9.1410.29 
12.31 10.83 
9.8610.25 
12.11 10.71 
12.5810.31 
13.5010.8^ 
7.07 ±0.40 
7.42 ±0.33 
7.22 ± 0.29 
<Nch> 
19.55 12.13 
27.7513.01 
23.2210.50 
Ref. 
(1) 
(3) 
(13) 
(13) 
Present 
work 
(5) 
Present 
work 
(8) 
(4) 
(14) 
(14) 
(14) 
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<N,(N,)> = A,^ + 5 , , ^ , (3.2) 
where N„ Nj = Ng, Nb, Nh and Ns with i i- j . The values of A,, and B,, depend on the 
incident energy and mass of the projectile. 
In order to examine the behaviour of muhipiicity correlations of secondary particles 
produced in nucleus-nucleus collisions, we have also studied the correlations in the 
interactions of ^^ Si -Em and ''C -Em at 4.5A GeV. These results are shown in Figs. 3.8 (a 
-d) and 3.9 (a-d) respectively along with their linear fits. Our experimental data in 
nucleus-nucleus collisions have also been compared with the hadron-nucleus collisions. 
The values of the fitted parameters are listed in Table 3.2 along with p-Em results [15]. 
The following conclusions may be drawn from theses plots and the table: 
(i) It is evident from the figures that the values of <Ns> increase with increasing values of 
Nb, Ng and Nh observed in ^^Si-Em and '"^ C-Em interactions. However, no such positive 
correlation is observed for p-Em collisions. 
(ii) A clear saturation is observed in the values of <Nb> vs. Ng plots around Ng ~ 13 and 
10 respectively in case of ^^Si-Em and '"C-Em interactions. Similar trend has also been 
reported in proton data. A similar result has been obtained for proton-emulsion collisions 
at 400 GeV and pion-nucleus collisions at 200 GeV [17]. It is also observed that <Nb> 
increases with Ns for our data, whereas a negative correlation is observed in case of p-Em 
collisions. 
(iii) The variations of <Nb>, <Ng> and <Ns> with Nh show a linear increase in the present 
study, whereas in p-Em collisions, a strong correlation between (<Nb>, <Ng>) and Nhhas 
been found and there is a negative correlation between <Ns> vs. Nh. 
(iv) The correlations between the multiplicities of slow particles, Nb, Ng and Nh seem to 
depend on the nature of the incident particle. 
(v) The <Ns> at fixed Nb, Ng and Nh is larger for nucleus-nucleus collisions than for 
hadron-nucleus collisions. 
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Table 3.2: Values of inclination coefficients in the multiplicity correlations. 
Collisions 
(4.5A GeV) 
Nb -**Si-Em 
'-C-Em 
p-Em 
Ng -Ni-Em 
'-C-Em 
p-Em 
Ns ^'Si-Em 
'^C-Em 
p-Em 
Nh ' 'Si-Em 
'-C-Em 
p-Em 
< N b > 
— 
— 
— 
0.68 + 0.09 
0.66 ± 0.07 
1.09 ± 0.02 
0.42 ± 0.07 
0.23 ± 0.06 
0.01 ±0.04 
0.64 ± 0.04 
0.54 ±0.04 
0.60 ±0.01 
<Ng> 
0.52 ±0.03 
0.58 ±0.07 
0.51 ±0.01 
— 
— 
— 
0.32 ±0.01 
0.56 ±0.04 
-0.04 ± 0.04 
0.63 ± 0.02 
0.55 ±0.06 
0.40 ±0.01 
< N h > 
1.32 ±0.11 
1.54±0.10 
-0.03 ±0.01 
1.62±0.12 
1.12±0.11 
-0.06 ±0.01 
0.46 ±0.01 
0.75 ±0.06 
— 
— 
— 
— 
<Ns> 
1.54 ±0.17 
1.23 ±0.18 
1.52 ±0.02 
2.23 ±0.49 
1.98 ±0.33 
1.97 ±0.02 
— 
— 
— 
0.36 ±0.02 
0.47 ±0.05 
-0.02 ±0.01 
Ref. 
Present work 
Present work 
(15) 
Present work 
Present work 
(15) 
Present work 
Present work 
(15) 
Present work 
Present work 
(15) 
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3.7 KNO scaling: 
The study of multiplicity distributions of hadrons produced in high-energy particle 
collisions has been made extensively in hadron-hadron, hadron-nucleus and nucleus-
nucleus interactions in the past, since such studies are useful in understanding the 
production processes involved. Koba, Nielsen and Olesen [18] have predicted that the 
multiplicity distributions of the produced particles in high-energy hadron-hadron 
collisions should obey a simple scaling law known as KNO scaling when expressed in 
terms of the scaling variable Z (= n/<n>). If P(n) represents the probability for the 
production of n charged particles in an inelastic hadron-hadron collisions, the multiplicity 
distributions in high energy collision obey a scaling law: 
cr(n) 1 .^.( n 
cr.„„, < « > <n> 
(3.3) 
= ^ ( Z ) (3.4) 
<n> 
where a(n) is the partial cross-section for the production of n charged particles, CTjnei is the 
total inelastic cross-section and <n> is the average number of charged particles produced. 
The KNO scaling thus implies that the multiplicity distribution is universal and ^(Z) is 
an energy independent function at sufficiently high energies when expressed in terms of 
scaling variable Z. 
The other consequences of the KNO scaling are given as: 
(i) The normalized moments, Q = < A'^ *^ > / < TV^  >* of the multiplicity distributions 
become independent of projectile energy, 
(ii) It leads to D/<Ns> = constant; provided 4^(Z) is not a delta function. 
(iii) Central moments, y/i^ = V("-< « >)* of the distribution should have a linear 
relation with the average multiplicity, <n>, of the reaction. 
It has been shown [19,20] that the multiplicity distributions of relativistic shower 
particles, projectile light fragments and target black fragments obtained from the events 
of different projectiles over a wide range of energies in nucleus-nucleus collisions can be 
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described by a KNO scaling law. These distributions can be represented by a universal 
function of the following form: 
T(Z)= 4Zexp(-2Z) (3.5) 
and ^ ( Z ) = AZexp(-BZ) (3.6) 
where A and B are constants. 
A striking regularity has been found to exist in the production of relativistic shower 
particles in high-energy collisions. In order to study the multiplicity distribution of 
shower particles produced in '^ '^ Si and '^ C -emulsion collisions at 4.5A GeV, T(Z) as a 
function of Z is shown in Fig. 3.10 (a & b). It is clear from the figure that Eqs. (3.5) and 
(3.6) are found to reproduce the shower particle multiplicity distribution well. One can 
see that KNO scaling in the form of Eqs. (3.5) and (3.6) seems to qualitatively describe 
the trend of the multiplicity distribution of secondary particles produced in nucleus-
nucleus collisions similar to that found in hadron-hadron and hadron-nucleus collisions. 
Various workers [19-22] have also used the same function to describe the multiplicity 
distributions of nuclear fragments in nucleus-nucleus collisions at Dubna energy. 
However, the values of the constants A and B may differ for different interactions. The 
values of x'/DOF of the distributions in Fig. 3.10 (a & b) are found to be (0.371 ± 0.003) 
and (0.332 ± 0.002) respectively. If the experimental points from the tail of the curve are 
not considered due to low significance of experimental data, then x'/DOF reduces to 
(0.305 ± 0.002) and (0.296 ± 0.002) respectively, which of course represents a better fit 
and confirms the validity of the scaling function. It may be emphasized that by analyzing 
the data in terms of simplified functions (Eqs. 3.5 & 3.6), the value of x^  /DOF is also 
reduced. 
The following functional form of ^^i^) 
4^ ,^(Z) = = (3.79Z+33.7Z' -6.64Z' +0.332Z')exp(-3.24Z) (3.7) 
obtained by Slattery [23] for p-p interactions is also shown in Fig. 3.10 (a & b)for 
comparison. It has been observed that the scaling function H^,;(Z)fits well the p-p data 
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but when used for nucleus-nucleus data it gives x" / DOF = (3.460 ± 1.212) and (4.924 ± 
1.025) respectively which indeed is a poor fit as shown in Fig.3.10 (a & b). 
In order to check the validity of KNO scaling, the normalized moments, Ck, of the 
multiplicity distributions using Eq. (C^ = <n^>/<n>^) are presented in Table 3.3. The 
values of C2 and C3 - moments are found to be independent of masses and energy of the 
projectiles within the experimental errors. On the other hand, the higher moments 
corresponding to k = 4, 5 show an increasing trend in their values (not shown in the table) 
as the mass number of the projectile increases. The values of <Ns>/D for our data along 
with other results are also shown in Table 3.3. An interesting observation can be seen 
from Table 3.3 that the values of <Ns>/D for different projectiles and targets are 
approximately equal to that observed in hadron-nucleus interactions [24]. This feature 
indicates that essentially there is a similarity for the production mechanism of two types 
of collisions. 
Another consequence of the KNO scaling also leads to a linear relation between the 
dispersion, D (Ns), and the average values of <Ns>. The linear variation of D (Ns) 
(Z) = [< A'^ ;^' > - < Ng >"]"^) of shower particles as a function of <Ns> is shown in Fig. 
3.11 for present work along with the other results [3,5,15,26,27]. The best linear fit is 
represented by: 
D = a + (3 <Ns> (3.8) 
where the values of a and p are found to be (-0.028 ± 0.021) and (0.716 ± 0.009) 
respectively. The values of the slope in proton-nucleus interactions reported by Gurtu et 
al. [24] is (0.64 ± 0.02). It may be observed that the increase of dispersion with <Ns> in 
case of p-p interactions [25] is slower than those for proton-nucleus and nucleus-nucleus 
collisions. 
The light projectile fragments and black tracks can be regarded to be produced as a 
result of the evaporation processes. Usually they are called as the evaporated fragments. 
The multiplicity distributions of black tracks produced in '^Si and '"^ C - emulsion 
collisions at 4.5A GeV have been investigated in the form of KNO - scaling. 
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A plot of T(Z) as a function of scaling variable Z (= Nb /<Nb>) for our data is 
shown in Fig. 3.12 (a & b). The solid and dashed curves in the figure are the results of 
Eqs.(3.5) and (3.6) respectively. 
One can observe from the figure that the multiplicity of target black fragments in 
nucleus-nucleus collisions at Dubna energy are well described by Eqs. (3.5) and (3.6) for 
both the projectiles. These experimental results [19-22] suggest that the multiplicity 
distribution of the target black fragments from different projectiles obey the scaling 
function given in Eq. (3.5). The values of A and B used in Eq. (3.6) are given as 4.65 and 
2.10 respectively. The values of x'/DOF are found to be (0.803 ± 0.006) and (0.312 ± 
0.003) respectively for Eqs. (3.5) and (3.6), which indicates that the fitting is good for 
different projectiles at the same energy. The functional form of 4^^(Z)due to Slattery is 
also shown in the same figure, which does not reproduce the experimental data points. 
The values of x^/DOF are found to be (4.862 ± 1.562) and (5.028 ± 1.809) respectively. 
It is difficult to give any physical explanation of the multiplicity scaling in target black 
fragments and can be regarded as an empirical observation. 
3.8 Rapidity gap distribution: 
The study of the correlation behaviour amongst the relativistic particles helps to 
investigate the mechanism of multiparticle production in high-energy heavy ion 
collisions. This is achieved by examining the correlations for various rapidity intervals. 
Occurrence of clustering amongst charged secondary particles would convincingly reveal 
that the secondary particles emitted in hadronic interaction at high energies arise through 
the decay of clusters. The rapidity gap is defined as the difference in rapidity between 
neighbouring final state particles when the pseudo-rapidity, r\, of all the charged particles 
in each interaction are arranged in increasing order (r|i <r|2 <r\} < rjn). The difference 
r|i+i - r|, is known as two particle rapidity gap, where i can have values 1, 2, 3....n-l. 
Similarly, ri,+2 - r], gives three particle rapidity gap where i = 1,2, 3...n-2 and so on. In 
order to eliminate the contribution due to diffraction dissociation, the secondary particles 
on each end of the rapidity space have been excluded from the analysis, because these 
correspond to leading and target particles. 
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Table 3.3: Values of D (Ns), <Ns>/D and the normalized moments. 
Collisions 
(A GeV/c) 
-''Si-Em 
4.5 
'=C-Em 
4.5 
'V-Em 
2.1 
-''Mg-Em 
4.5 
'*Si-Em 
14.6 
a-Em 
2-10 
p-Em 
4.5 
<Ns> 
15.64 ±1.23 
7.24 ± 0.89 
8.85 ±0.28 
12.37 ±0.22 
17.85 ±0.73 
3.06 ±0.28 
1.63 ±0.02 
D(Ns) 
11.91 ±0.63 
4.88 ±0.38 
5.59±0.17 
7.02 ±0.02 
14.65 ±0.19 
2.49 ± 0.04 
1.08 ±0.02 
<Ns>/D(Ns) 
1.313 ±0.042 
1.483 ±0.051 
1.583 ±0.097 
1.762 ±1.012 
1.218 ±0.047 
1.22810.057 
1.509 ±0.869 
C2 
1.57 ±0.02 
1.46 ±0.01 
1.40 ±0.05 
1.32 ±0.08 
1.67 ±0.11 
1.44 ±0.04 
1.44 ±0.02 
C3 
3.18±0.13 
2.66 ± 0.03 
2.58 10.11 
2.11 ±0.28 
3,74 + 0.16 
2.55 ± 0.09 
2.55 ± 0.09 
Ref. 
Present 
work 
Present 
work 
(5) 
(26) 
(27) 
(3) 
(15) 
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Fig. 3.13 (a & b) depicts two-particle rapidity gap distributions for '^Si and '"^ C 
nuclei with nuclear emulsion at 4.5A GeV. Occurrence of sharp peaks at relatively lower 
values of rapidity gaps in the above distributions gives an evidence for strong short-range 
correlations, which indicates that production of secondary particles takes place through 
the formation of clusters [28]. Similar results have been reported in hadron-hadron, 
hadron-nucleus and nucleus-nucleus collisions at different energies [28-29 and references 
therein]. As is evident from the figure, the distribution cannot be represented by a single 
exponential function. The rapidity-gap distribution at high energy can be well represented 
by the two-channel generalization of the Chew Pignotti model [30] of the form: 
— = ^exp(-5r) + Cexp(-Dr) (3.9) 
dr 
dn 
where — is the cluster density and B denotes the strength of correlation. The values of dr 
the constants A, B, C and D appearing in Eq. (3.9) are determined with the help of CERN 
standard programme MINUIT. The first term in Eq. (3.9) represents the short-range 
correlation and contributes significantly. The second term represents the long-range 
correlation and this does not play any important role in particle production. The 
continuous curves in above figures represent Eq. (3.9) and the dashed lines give the 
individual contributions of the two terms appearing in Eq. (3.9). As is evident from the 
figures that the maximum contribution to the correlations comes from the first term 
indicating a strong short-range correlation while the contribution of second term is quite 
small giving the poor indication for the long-range correlation. Three-particle rapidity 
gap distributions are also plotted in Fig. 3.14. From the figures, it is also clear that the 
peaks occur at comparatively smaller values of r, indicating the presence of three particle 
correlations. The values of the parameters A, B, C and D along with x^  / DOF for two 
and three particle correlations are listed in Table 3.4. 
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28c Table 3.4: Values of the constants appearing in Eq. (3.9) obtained for ^ Si-
Em and '"C-Em interactions at 4.5A GeV. 
Collisions 
(4.5A GeV) 
-'*Si-Em 
'^ C-Em 
''Si-Em 
'-C-Em 
Type of 
Correlations 
Two-particle 
Two-particle 
Three-particle 
Three-particle 
A 
3.89 ±0.33 
4.88 ±0.60 
4.86 ±0.31 
4.89 ±0.40 
B 
7.08 ±0.40 
5.47 ±0.51 
5.23 ±0.26 
3.79 ±0.30 
C 
0.60 ±0.03 
0.26 ±0.01 
0.21 ±0.05 
0.38 ±0.02 
D 
1.10±0.50 
0.89 ±0.03 
0.80 ±0.03 
0.67 ±0.04 
X' / D.F. 
0.049 
0.027 
0.030 
0.80 
3.9 Dependence of <Ns> on the number of interacting 
projectile nucleons: 
When a high-energy projectile collides with a nucleus, a number of energetic 
charged and uncharged particles are produced. The emergence of these fast particles 
known as shower and grey particles in the nuclear emulsion occurs in a very short time 
after the impact of the projectile. Grey particles, which are emitted from the target 
nucleus are mostly the recoil protons with an admixture of low energy pions. After the 
emergence of fast particles, the nucleus remains excited for a long time on nuclear time 
scale. Finally, the residual nucleus de-excites resulting in the emission of a large number 
of nucleons and other heavier fragments. The process is known as nuclear evaporation 
process. The particles emitted through this process are generally characterized by black 
tracks in emulsion except for a very few which may appear as grey tracks. In addition to 
these particles, projectile fragments (PFs) along the direction of the projectile carrying a 
single or more charges (Z > 2) are also emitted. These projectile fragments are also called 
the spectator or non-interacting fragments. The quantity, Q, which measures the total 
charge of the non-interacting projectile fragments for inelastic interactions is defined as: 
e = Z " / ^ / (3-10) 
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where n/ is the number of the projectile fragment with charge Z/ > I in an event and 
summation is carried out over all such fragments in an event. The value of Q 
characterizes the volume of the non-overlapping part of projectile nucleus. Thus this 
quantity in a nucleus-nucleus collisions enables us to estimate the effective number of the 
projectile nucleons interacting with the target nucleus, which has been given by the 
following relation [31]: 
<v>^A^~{A/iZ^)Q (3.U) 
where Ap and Zp are respectively the mass number and atomic number of the projectile 
nucleus. For ^*Si and '^C projectiles the above relation reduces as: 
<Vp> = 2 8 - 2 Q (3.12) 
and <Vp> = 1 2 - 2 Q (3.13) 
The values of average number of shower particles per interacting projectile nucleon, 
i.e., <Ns>/<Vp> have been calculated for collisions with H, CNO, AgBr and emulsion 
targets for our data along with other results at the same energy [1-3,5,26,32] are 
presented in Table 3.5. Following features may be noted from the table, 
(i) The average multiplicity of the produced shower particles, <Ns>, increases with the 
increase of the number of interacting projectile nucleons. This observation indicates the 
possibility of describing the nucleus-nucleus collisions as a superposition of nucleon-
nucleon collisions. 
(ii) The values of <Ns>/<Vp> show a weak dependence on projectile mass and target 
mass. 
(iii) The values of <Ns>/<Vp> are practically constant within the stated errors and these 
are quite close to the respective values of (<Ns> - WA) for proton-nucleus collisions at the 
same energy per nucleon, where aA represents the contribution of leading particle in the 
interaction due to proton projectile. The reported values of aA are 0.9 and 0.67 
respectively [33] for collisions with H target and emulsion nuclei. However, the same 
value of ttA has been taken for CNO and AgBr targets. 
It is interesting to study the analysis of frequency distribution of events in terms of 
Q for ^^Si and '^C-Em interactions at 4.5A GeV. The distributions for our data and for 
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-^Si-Em interactions at 3.7 and 14.6A GeV [34,35] respectively are displayed in Fig.3.15. 
The same trend can be seen in the figure. The examination of the distribution shown 
clearly indicates that the distributions of total charge of non-interacting PF 'Q' are 
independent of projectile energy. Adamovich et al [36] for "'O -Em interactions at 200A 
GeV have also obtained similar results. In order to check the effects of impact parameter 
in terms of Nh on the total charge of the projectile fragment of Z > 1, the distributions in 
different Nh intervals are plotted in Fig. 3.16 (a-c). From Fig. 3.16 (a) it can be reported 
that the major contribution is obtained towards the high values of Q in case of Nh = 0,1 
(i.e., quasi-nucleus events). A prominent peak is observed in case of Nh - interval of 2 < 
Nh :^  7 for larger values of Q. The yield of the distribution increases with the net charge 
of the spectators, Q, which is supposed to be connected with the gentle low temperature 
processes, while the yield shows a decreasing trend with Q in case of Nh > 8 (Fig. 
3.16(c)), which characterizes the violent high-temperature processes. Similar results have 
also been reported by other workers [34,35,37]. 
Table 3.5: Values of <Ns> per interacting projectile nucleon in nucleus-nucleus 
collisions and mean shower projectile multiplicity without leading particle 
contribution in proton-nucleus collisions for different targets at the same energy. 
^ \ Target 
Projectile ^ \ 
'•^c 
'^ N 
^^Mg 
=^Si 
SI 
'-S 
P" 
H 
0.72 ±0.08 
0.80 ±0.08 
0.63 ±0.09 
0.71 ±0.03 
0.64 ± 0.08 
0.71 ±0.08 
0.7! ±0.05 
<Ns>/<Vp> and (<Ns> - ttp)* 
CNO 
0.94 ± 0.04 
0.90 ± 0.04 
0.82 ±0.06 
0.99 ±0.03 
0.80 ±0.06 
0.71 ±0.04 
0.91 ±0.07 
Em 
1.05 ±0.03 
1.02 ± 0.03 
I . I0±0 .04 
1.08 ±0.03 
0.94 ± 0.04 
0.96 ±0.03 
0.99 ±0.05 
AgBr 
1.13 ±0.05 
1.07±0.03 
1.04 ±0.04 
1.24 ±0.03 
I .10±0.07 
0.86 ±0.04 
1.04 ±0.08 
Ref. 
Present work 
(5) 
(32) 
Present work 
(32) 
(2) 
(1) 
for proton - nucleus collisions. 
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Fig. 3.15: The overall distribution of events with a given value of 
Q at different energies. 
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3.10 Variation of <Q> as a function of Ngi 
The variation of average charge of non-interacting projectile fragments. <Q>, as a 
function of Ng has been shown in Fig. 3.17 (a & b) for CNO and AgBr target nuclei. 
From the figure one may notice that the average charge of non-interacting projectile 
fragments (including Z =1) is maximum at lowest value of Ng and decreases with 
increasing Ng (i.e., with decreasing value of impact parameter) for light as well heavy 
target nuclei. The negligibly small value of <Q> beyond Ng = 21 for heavy target nuclei 
indicates that the corresponding high multiplicity events show complete destruction of 
target nucleus. 
3.11 Dependence of average multiplicity of secondary tracks on Q: 
A study of correlation of the type <Nj (Q)>, where j indicates, black, grey, heavy 
and shower particles may be of considerable importance for understanding the 
mechanisms of multiparticle production involved in nucleus-nucleus collisions at 
relativistic energies. The variations of <Nb>, <Ng>, <Nh> and <Ns> as a function of the 
spectator projectile charge, Q, are shown in Fig. 3.18 (a-d). It is interesting to observe 
that the values of <Ns> in Fig. 3.18 (d) are observed to increase rapidly with decreasing 
values of Q (increasing centrality or low impact parameter). The mean number of shower 
tracks, <Ns>, is found to be maximum for Q = 0 (i.e. in central collision). This maximum 
can also be visualized that all the nucleons of the projectile may participate in the 
collision due to large amount of energy is being transferred to the target nucleus. The 
dependence of <Ng> and <Nh> on the total charge of non-interacting PF 'Q' plotted in 
Fig. 3.18 (b & c) shows an increasing trend as we go to smaller Q - values (i.e. increasing 
centrality). A weaker dependence has been found in case of black tracks consisting of 
only slow target fragments in comparison to grey particle (Fig. 3.18(a)). The values of 
<Nb>, <Ng>, <Nh> and <Ns> of events with different Q are also given in Table 3.6. It can 
be noticed from the table that the mean multiplicities decreases with increasing value of 
Q. These results show that the nucleus-nucleus collisions may be visualized as the 
superposition of the nucleon-nucleon collisions and rules out any collective phenomenon. 
Similar results have also been found by other workers [34,35,37]. 
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Table 3.6: Values of the mean multiplicities in terms of different values 
o f Q . 
Collisions 
(A GeV) 
-"Si-Em 4.5 
" 0 - E m 3 . 7 
'"O-Em 200 
"C-Em4.5 
Q value 
Q = 0-1 
Q = 2-6 
Q = 7-14 
Q = 0 
Q = 2-4 
Q = 5-8 
Q = 0 
Q = 2-4 
Q = 5-8 
Q = 0-1 
Q = 2-3 
Q = 4-6 
< N b > 
14.7± 1.9 
9.2 ± 1.2 
4 .211 .0 
8.5 ±0.6 
4.9 ±0.4 
2.4 ±0.3 
6.5 ±0.4 
4.3 ± 0.4 
2.1 ±0.2 
13.2 ±1.5 
8.1 ± 1,1 
4.8 ±1.2 
<Ng> 
13.4 ± 1.7 
7.6 ± 1.1 
2.5 + 0.9 
13.6±1.0 
4.6 ±0.5 
1.6 + 0.2 
7.5 ±0.6 
3.9 ± 0.4 
1.210.2 
11.211.4 
5.1 1 1.1 
2.7 ± 0.9 
< N h > 
28.1 12 .5 
16.8 11 .6 
6.7 11 .3 
22.1 1 1.3 
9.4 10 .8 
4 .010 .5 
14.010.9 
8.2 10 .7 
3.3 10 .3 
24 .412.1 
13.2 1 1.5 
7.5 11 .5 
<Ns> 
33.712.3 
23.7 11 .8 
10.011.9 
— 
— 
-'--
— 
— 
— 
10.811.5 
7 .011.3 
3.5 10 .9 
Ref. 
Present work 
Present work 
Present work 
(35) 
(35) 
(35) 
(35) 
(35) 
(35) 
Present work 
Present work 
Present work 
3.12 Dependence of <Nb>, <Ng>, <Nh> and <Ns> on Q/Zbeam*-
We have also presented the values of <Nb>, <Ng>, <Nh> and <Ns> as a function 
of Q/Zbeam i" Fig.3.19 (a-d). The values of <Nb>, <Ng> and <Nh> increases with 
decreasing Q/Zbeam (i-e. increasing centrality of the collision). It may be observed from 
Fig. 3.19 (a-c) that the average multiplicities of secondary particles show a scaling 
property for '^Si and '"^C-projectiles, where as no such feature is observed in case of 
shower particle multiplicity. Admovich et al [36] have also reported that <Ng> and <Nb> 
scales as a function of Q/Zbeam at 14.6 and 200A GeV. 
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CHAPTERIV 
Intermittency in Heavy Ion Collisions at High 
Energies 
4.1 Introduction: 
The unusually large non-statistical particle density fluctuation in small phase space 
regions has attracted a lot of attention in relativistic nuclear collisions to understand the 
mechanism of particle production. Several theoretical and experimental groups have 
suggested different methods to identify the existence of non-statistical fluctuations. 
Bialas and Peschanski [1] were the first to introduce the most suitable method known as 
scaled factorial moments (SFMs) to study the non-statistical fluctuations in the 
distributions of relativistic shower particles produced in high-energy collisions. The 
proposal of these factorial moments was made in analogy with the phenomenon known as 
intermittency in the hydrodynamics of turbulent fluid flow. In high-energy physics, the 
power law behaviour of the scaled factorial moment is known as intermittency. One of 
the possible characteristics of the scaled factorial moment analysis is that it can detect 
and characterize the dynamical fluctuation and it is also capable of filtering out the 
statistical noise. In this method, the scaled factorial moments, Fq, are computed as a 
function of decreasing phase space size. The values of Fq, for purely statistical fluctuation 
saturate with decreasing phase space size, whereas in dynamical fluctuation, Fq, moments 
are supposed to increase with decreasing phase-space size and exhibit a power law 
behaviour of normalized factorial moments, Fq. However, ordinary multiplicity moments 
(<n''>/<n>'^) method is used to demonstrate different features of multiplicity distributions 
and is unable to reveal the existence of dynamical fluctuation due to significant 
contribution of the purely statistical fluctuations. 
Initially, there was a strong speculation that the origin of intermittent type of non-
statistical fluctuation was thought to be the result of the phase transitions from QGP to 
normal hadronic matter in relativistic nucleus-nucleus collisions. But there is no 
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experimental evidence for the formation of quark-gluon plasma in low energy nucleus-
nucleus collisions. Further, no conclusive evidence for the formation of quark-gluon 
plasma has been found in nucleus-nucleus collisions at ultra-relativistic energies also [2]. 
Therefore the interpretation of intermittency can no longer be related with QGP 
formation. Only future experiments would clarify the situation [3]. It has been suggested 
that the Bose-Einstein (BE) interference [4] and presence of random cascade mechanism 
or short-range correlations may be responsible for the origin of intermittency. 
There is a strong feeling that the BE interference can play a role in dynamical 
fluctuations. This correlation arises due to the symmetric wave functions of identical 
bosons in BE statistics. Increase in the value of the factorial moments, Fq, with 
decreasing phase-space size could be explained on the basis of the above correlations 
between equal charged particles. The phenomenon of intermittency would be stronger for 
equal charged particles than for all charged particles. Analysis of some experimental 
results [5-7] shows that BE effect cannot be considered as the main source of 
intermittency, especially in e* e', lepton-hadron and hadron-hadron collisions [6 and 
references therein]. No such data are available for nuclear collisions. However, EMUOl 
data exclude the possibility of BE correlations as a dominant source of intermittency in 
heavy ion collisions [8,9]. 
Other suggestions to explain the intermittency are based on conventional short-
range correlations [8-11]. Many workers [12-14] observed that the intermittent behaviour 
is clearly explained due to short-range correlations for lower order of moments. The 
intermittency has been observed in a variety of collision processes and therefore it may 
be considered as a general property of multiparticle production. However, no single 
mechanism could explain the observed intermittency in various collision processes. So a 
detailed study is required to understand the intermittency more rigorously. 
A mathematical formalism for studying various aspects of the intermittency 
observed in the interactions of ^^S\ and '^C nuclei with emulsion at 4.5A GeV/c is 
presented in this Chapter. An attempt has been made to investigate some interesting 
features of the scaled factorial moments. The dependence of the intermittency index, aq, 
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on the order of moments, q, and its effects on projectile energy and target mass are 
discussed in detail. In addition to this, the variation of the anomalous fractal dimensions, 
dq, and the generalized dimensions, Dq, with the order of the moments, q, are 
investigated. Finally, some important conclusions regarding multifractal specific heat and 
the occurrence of non-thermal phase transitions are presented in this Chapter. 
4.2 Mathematical analysis: 
In order to get more informations about the production mechanism in high-energy 
heavy-ion collisions, the multiplicity distributions of the produced particles were studied. 
If the production of particles takes place independently of each other then multiplicity 
distribution represents Poisson distribution. On the contrary, if the production of a 
particle enhances the probability to produce other particles, then multiplicity distribution 
is broader than the Poisson's distribution and its scaled factorial moments (SFMs) are 
larger than 1. The same thing should also happen for the multiplicity of particles 
produced in limited cells of the phase-space. It is believed that the multiplicity 
fluctuations in small phase-space bins can reveal important aspects of the multiparticle 
production mechanism such as intermittent pattern of fluctuations [1,15,16]. 
For the study of fluctuations in pseudo-rapidity distributions, a given pseudorapidity 
interval of total length Ar| = r|max - ilmm, is divided into M bins of equal width, 6r| = Ar] / 
M. Depending on the type of averaging, two types of moments are defined as: 
(I) Horizontal Scaled Factorial Moments and 
(II) Vertical Scaled Factorial Moments. 
4.2.1 Horizontal scaled factorial moments: 
A horizontal scaled factorial moments (SFMs) of different orders q are defined as 
[1,17,18]: 
pH ^^,-^fnAn„-\) ( » . - ^ + l) .4 
t^ N{N-\) (A^-^ + 1) 
where n^ is the number of relativistic charged particles in bin m (m = 1, 2, 3....) and N 
represents the total multiplicity of charged showers in a particular event in the 
pseudorapidity interval Ar). 
For an ensemble of events of varying multiplicity the above relation reduces to 
[19,20]. 
<N>'' 
<F" > = {My^ = (for 5ri-> 0) (4.4) 
where < N > represents the mean multiplicity of the hadrons in the pseudorapidity 
interval Ar] = M 5r|. 
On averaging over the number of events in data sample, one can get: 
<f» >,M!1Y y "•<".-') "••^"^D ,4.3) 
It has been shown [1] that for a smooth pseudorapidity distributions, i.e., pseudo 
rapidity distributions not exhibiting any fluctuations other than the statistical ones, <Fq> 
is essentially independent of the pseudorapidity bin width 5ri in the limit 6r|-> 0. 
However, if the fluctuations are dynamical in nature, then in the limit of small bin size, 
the scaled factorial moments would obey [1] the following power law: 
The power-law dependence of the scaled factorial moments on the number of bins 
represented by the above relation is known as intermittency. Observation of such a power 
law may indicate a cascade mechanism of multiparticle production. 
The power law predicts a characteristic linear rise of ln<Fq> as a function of InM 
which is represented by the following relation: 
In < F / > = a J n M + C (4.5) 
where aq, which measures the strength of intermittency is called the intermittency 
exponent and C is a constant. The intermittency exponent, aq, is obtained by performing 
best fits according to Eq. (4.5). 
A l n < F / > 
AInM 
The scaled factorial moments are sensitive to the shape of the pseudorapidity 
distribution. Thus for a non-flat pseudo-rapidity distributions, varying within a finite bin 
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of width 5ri, introduces an extra M-dependent correction factor, Rq. which is given by 
[20,21]: 
m=\ <n> 
where < «^ > = - L f ^llhiii^ (4.8) 
Thus the corrected scaled factorial moments are calculated as: 
<F > 
< F >"'" = '— (4.9) 
The correction factor, R ,^ however becomes insignificant in the case of flat distributions. 
The intermittency exponent, aq, increases with increasing order of q of the moments 
however, for a random uncorrelated particle production, <Fq> should be constant for all 
values of q showing the absence of non-statistical fluctuations. The power law behaviour 
of the scaled factorial moments can also be interpreted in terms of fractal properties of 
underlying physical process. Thus it is possible to study a relation between anomalous 
fractal dimension, dq, of fractals and multifractals in terms of intermittency exponents, 
ttq, with the help of the following relation [22]: 
^, = ^ (4.10) 
q-\ 
Independent values of the anomalous fractal dimension, dq, for different q will show 
the existence of monofractality, whereas in case of multifractality an order dependence of 
q is observed. 
The power law behaviour of <Fq> on M reveals self-similarity and in general it 
indicates the existence of fractal properties which are called multifractals. According to 
the fractal theory, self-similar system are characterized by infinite spectrum of non-
integer generalized dimensions, Dq. Therefore, the generalized dimensions, Dq, that 
characterize multiparticle production process can be determined from Fq-moments 
analyses using the following relations: 
D =\ '— (4.11) 
(<7-l) '/ 
or, Dq = 1 - dq 
The monofractal structure of multiparticle spectra will show constant Dq values, which 
are associated with some collective phenomena (i.e., the formation of quark-gluon 
plasma) whereas the multifractal structures are characterized by decreasing values of the 
generalized dimensions, Dq, with increasing order of the moments, q. Decreasing 
behaviour of Dq with q are associated with self-similar cascade process. 
4.2.2 Vertical scaled factorial moments: 
Another method known as vertical scaled factorial moment analysis is suggested 
to correct for the non-uniform shape of pseudo-rapidity distribution and F^ is defined as: 
^1 -JJIJ ',—g (4-12) 
and on performing averaging over all the events the vertical scaled factorial 
moments, < F^ >, would become: 
A' , 1 A/ 
<F' > = y —y^^L^J!! i ^ " ^—^ (4.13) L " . K - i ) K - 9 + 1) 
,=1 ^^ m=] A „^„tr Mf, <n'>' 
where < n' > = V « , / 
is the average number of particles in the m"' bins for the entire data set having number of 
events, Ngv The two definitions (4.3) and (4.13) become identical if the single-particle rj-
distribution is flat. However, if the distribution is not flat, one should either consider 
vertically averaged moments or apply a correction factor [20,21] to the horizontal 
moments. 
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4.3 Results and discussions: 
4.3.1 Variation of In <Fq> with InM: 
In order to study the intermittency in multiparticle production, the whole 
pseudorapidity phase-space has been divided into number of bins M = 2 - 30 and the 
average scaled factorial moment, <Fq>, for q = 2 - 6 are calculated using Eq. (4.3) due to 
the interactions caused by 4.5A GeV/c '^Si and '"C beams with nuclear emulsion, CNO 
and AgBr interactions respectively. The dependence of ln<Fq> on In M is shown in Figs. 
4.1 (a-c) and 4.2 (a-c) respectively for these interactions. From these figures it is evident 
that the values of ln<Fq> for interactions with CNO target are found to be relatively 
higher as compared to the interactions with AgBr targets. This effect may be due to the 
presence of smaller values of multiplicity for CNO target than with AgBr targets. The 
linear rise in the values of ln<Fq> with In M in above figures indicates power law 
dependence of <Fq> on the number of bins M, which clearly suggests that an intermittent 
behaviour is being observed in these interactions. The solid lines in Figs. 4.1 (a-c) and 4.2 
(a-c) indicate the least-squares fit to the respective data points. 
In order to perform similar analyses we have generated 5000 Si-Emulsion and 
'^C-Emulsion collisions events at 4.5A GeV/c using Lund Monte Carlo code FRITIOF. 
A comparison of the experimental and the FRITIOF generated events is carried out and 
presented in Figs. 4.3 (a-c) and 4.4 (a-c) respectively. The FRITIOF data also exhibit a 
linear dependence on InM similar to the experimental data. A comparison of our result 
with those of the FRITIOF events shows that our experimental values of ln<Fq> are some 
what larger in comparison to those obtained for the FRITIOF data. Furthermore, the 
results from the figures reflect that there is an agreement between the experimental data 
and the corresponding values predicted by the Lund FRITIOF model. 
In order to check the presence of the statistical fluctuations, uncorrelated Monte Carlo 
events (MC-RAND) were also generated randomly based on the independent emission of 
particles according to the following criteria [23]: 
(i) N such particles in each event are distributed randomly. 
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(ii) the multiplicity distribution and pseudorapidity distribution of generated events 
should be similar to those of the experimental data and 
(iii) the ri-distribution of each generated event reproduces Gaussian shape of the 
observed rapidity distribution. The values of <r|> and dispersion, a, calculated from the 
Gaussian fit represent the corresponding experimental values. 
To see that the linear dependence of ln<Fq> on In M is not a spurious effect produced 
by the method itself, the uncorrected MC events are analyzed and the results of this 
analysis are also shown in Figs. 4.1 (a-c) and 4.2 (a-c) respectively by the dotted lines 
with the corresponding experimental data. It is observed that the data exhibit the power 
law behaviour as expected for an intermittent behaviour, whereas the Monte-Carlo 
generated events exhibit no such dependence on M. This gives an indication for the 
absence of statistical contribution in the experimental data. The flat behaviour in MC 
events is expected for independent emission of particles. The JACEE event shows a first 
indications for a linear increase, i.e., a possible sign of intermittency. Other workers have 
also reported similar results for the existence of intermittency in multiparticle production 
in relativistic hadron-hadron [18,24] hadron-nucleus [25,26] and nucleus-nucleus [2, 27-
31] collisions. However, an intermittency signals was found to be stronger in two 
dimension and even more stronger in three-dimension in comparison to one-dimension, 
where no sign of flattening is seen [12,32,33]. 
4.3.2 Dependence of aq on q: 
The values of the intermittency index, aq, obtained from the slope of fitted solid 
lines in Figs. 4.1 (a-c) and 4.2 (a-c) are listed in Table 4.1 for all the three types of 
interactions. It is observed that the parameter, aq, increases with increasing order of 
moments for all types of interactions. From the table, it is also observed that the values of 
aq are slightly larger for the interactions due to CNO targets in comparison to the AgBr 
target for each value of q. Thus it can be concluded that the values of the intermittency 
index, aq, decrease with the increase in target mass for each order of the moments. Other 
workers [1,23,27,31-35] have reported similar results. Further, from the table it is clear 
that the values of intermittency indices, aq, for present data are slightly larger than the 
86 
• I • I • 
5.5 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 
InM 
• I ' I • 1 I I r-
- L Q u — I — I I I 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 
InM 
Fig. 4.1: Variation of In <Fq> as a of function In M in the interactions 
28 
of (a) "''Si-Em (b) "'Si-CNO and (c) '*Si-AgBr at 4.5 A GeV/c 
87 
o o o o ooooooooo 
• • 
1.0 1.5 2.0 2.5 3.0 3.5 
I n M 
5 
4 
4 
3 
V 2 
= 1 
1 
0 
0 
-0 
-1 
.(c) • "X-AgBr 
o Monte Carlo 
o o o o o o o oooooo 
' • . • 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 
I n M 
Fig. 4.2: Variation of In <Fn> as a of function In M in the interactions 
of (a) '^C-Em (b) ^X-CNO and (c) '^C-AgBr at 4.5A GeV/c. 
88 
A 
o .u 
4.5 
4.0 
3.5 
3.0 
I J . " 2 .5 
V 
c 
2.0 
1.5 
1.0 
0.5 
n n 
1 — " " " 1 
.(a) . 
• 
- • 
- • 
- • 
' 
1 — • — 1 — • — 1 — ' — 1 — > 
» FRITIOF ^,.q=6 -
S I 
• 
• 
• 
• 
• • 
-Em . . - • : 
• • * 
. . • 
. • • . • q=4 . 
. • • • • 
• • ^ » q=3 
• • • • 
. • 
• - ^ = 2 -
• . 1 . 1 . 1 . 
0.5 1.0 1.5 2.0 2.5 3.0 
5.5 
5.0 
4.5 
4.0 
3.5 
A ^ 3 . 0 
U- « ,-V 2.5 
— 2.0 
1.5 
1.0 
0.5 
0.0 
-n =; 
^(b) 
• 
• 
• 
• 
I 
In 
• FRITIOF 
' 'S i 
• 
• 
• 
• 
1 
-CNO 
• 
• 
• 
• 
• 
• 
• 
• 
.__ 
M 
• 
. • • • 
• 
. 
q = 5 • 
. • • * 
^.•* q=3: 
. • • • • • 
. <i=2'; 
-
1 . 1 . • 
0.5 1.0 1.5 2.0 
In M 
2.5 3,0 
5.0 
4.5 
4.0 
3.5 
3.0 
i - 2 5 
I 2.0 
1.5 
1.0 
0.0 
-0.5 
: ( c ) 
-
' 
_ 
-
• 
A 
. A 
A 
A 
, 
A FRITIOF 
''Si-AgBr 
A 
A 
A 
A 
A 
. * 
A 
A * 
A 
A A A * 
I . • . 
1 • I • 1 
^AA* q = 6 • 
A-*' 
A 
A A 
A * 
A 
A 
A 
A A - ' » = ' » -
A A - " * 
,AA*- q = 3 . 
A - ^ ^ ^ 
_ 
• A A A A A A A A A A A q = 2 -
1 ^ 1 . 1 
0.5 1.0 1.5 2.0 
In M 
2.5 3.0 
Fig. 4.3: Variation of In <Fq> as a of function In M in FRITIOF data for 
(a) '^Si-Em (b) ^^Si-CNO and (c) '^Si-AgBr at 4.5A GeV/c. 
cS9 
V 
c 
V 
c 
V 
c 
5.0 
4.5 
4.0 
3.5 
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 
-0.5 
0.5 
5.0 
4.5 
4.0 
3.5 
.3.0 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 
-0.5 
0.5 
4.5 
4.0 
3.5 
3.0 
'2.5 
2.0 
1.5 
1.0 
0.5 
• ( a ) 
• 
• 
-
• 
- • 
T 
A 
-
* 
• 
T— 
• 
• 
T 
A 
• 
• 
, 
' 
FRITIOF 
^'C-Fm 
« 
A 
A 
• 
• • 
' 
• 
• 
A 
• 
1 • t • I 
q=6-
.y 
. • * q=5 -
• T T 
T ' 
, ^ ' ' 
T » 
. q=4 
^ A * * 
A * - " i * 
. . . " q = 3 . 
. . • • * 
-
I . I . I 
1.0 1.5 2.0 
InM 
2.5 3.0 
Kb) 
-
• 
1 
. 
. • 
" T 
• 
A 
• 
-I 
• 
• 
T 
A 
• 
• 
1 
F R I T I O F " ' •^••**q=6. 
' ' c - cNo • • * : 
• * 
• 
T 
A 
• 
-• 1 
• 
T ' A " 
^ A * * * ^ . . • • q = 3 " 
* * 
• • • 
. • • 
_ • • • • • • Q=2" 
_ • • • • 
• • 
1 _ . _ i ^ . 1 . 1 
1.0 1.5 2.0 
In M 
2.5 3.0 
0.0 
(c) 
-
' 
" 
• 
• 
T 
• 
• i 
• 
• 
• 
• 
1 
' 1 • 1 • 1 ' 1 
FRITIOF , • ''=6 . 
' 'C-AgBr •** ; 
• • * rr^ '' = 5 -
T 
• • A 
' V A 
' , - . . q = 3 . 
. • • • • 
, • • 
• • 
. . . . • • ' ' ' 
. • • • 
. • • 
. . — I . 1 . 1 . 1 
0.5 1.0 1.5 2 0 
In M 
2.5 3.0 
Fig. 4.4: Variation of In <F^> as a of function in M in FRITIOF data for 
(a) 'X-Em (b) ''C-CNO and (c) 'VAgBra t 4.5A GeV/c. 
90 
Table 4.1: Values of the intermittency index for different sets of data. 
Data Set 
-'*Si-Em 
4.5 A CicV/c 
-"Si-CNO 
4.5 A GeV/c 
-*Si-AgBr 
4.5 A GeV/c 
'-C-Em 
4.5 A GeV/c 
'-C-CNO 
4.5 A GeV/c 
'-C-AgBr 
4.5 A GeV/c 
He-Li 
4.5A GeV/c 
-''Si-AgBr 
14.5AGeV c 
"0-AgBr 
60A GeV/c 
"S-AgBr 
200A GeV 
"•O-Em 
200 GeV/c 
P-Em 
200 GeV/c 
P-Em 
800 GeV/t 
« 2 
0.173 ±0.010 
0.143^0.012 
0.005 + 0.002 
0.210 + 0.013 
0.171 ±0.010 
0.006 ± 0.004 
0.181 ±0.014 
0.151 ±0.008 
0.007 ± 0.002 
0.215 ±0.012 
0.183±0.014 
0.006 ± 0.002 
0.232 ±0.016 
0.197 ±0.021 
0.007 ± 0.002 
0.227 ±0,016 
0.177 ±0.006 
0.006 ± 0.002 
0.015 ±0.004 
0.012 ±0.004 
0.019 ±0.008 
0.021 ±0.007 
0.041 ±0.008 
0.020 ±0.001 
0.027 ± 0.002 
0.023 ± 0.002 
« 3 
0.409 ±0.015 
0.309 ± 0.016 
0.049 ±0.004 
0.447 ±0.018 
0.346 ±0.013 
0.046 ± 0.006 
0.393 ±0.019 
0.311 ±0.013 
0.051 ±0.006 
0.481 ±0.035 
0.377 ± 0.032 
0.052 ± 0.006 
0.518 ±0.023 
0.417 ±0.025 
0.056 ±0.007 
0.476 ±0.019 
0.397 ±0.013 
0.054 ± 0.006 
0.070 + 0.010 
0.035 + 0.008 
1.410±0.028 
0.338 ±0.050 
0.227 ±0.030 
0.052 ± 0.004 
0.063 ±0.011 
0.062 ± 0.006 
« 4 
0.685 + 0.021 
0.486 ± 0.019 
0.050 + 0.008 
0.687 ±0.020 
0.587 + 0.015 
0.049 ± 0.006 
0.646 ±0.021 
0.476 ± 0.029 
0.057 ± 0.008 
0.739 ±0.027 
0.598 ± 0.029 
0.056 ±0.008 
0.780 ±0.026 
0.645 + 0.028 
0.061 ±0.006 
0.725 ± 0.025 
0.626 ± 0.026 
0.063 ± 0.005 
0.090 ± 0.020 
0.063 ±0.013 
2.738 ±0.014 
1.065 ±0.12 
0.593 ±0.100 
0.099 ± 0.008 
0.129 ±0.030 
0.094 ±0.017 
« 5 
0.934 ±0.016 
0.721 +0.025 
0.053 ± 0.007 
0.978 ±0.017 
0.879 ±0.019 
0.051 ±0.005 
0.897 ± 0.023 
0.797 ±0.031 
0.060 ± 0.009 
0.997 ±0.019 
0.895 ±0.014 
0.063 ± 0.009 
1.069 ±0.029 
0.974 ±0.031 
0.067 ± 0.004 
0.989 ±0.031 
0.897 ± 0.029 
0.064 ± 0.004 
0.158±0.014 
0.202 ± 0.060 
0.100 ±0.031 
« 6 
1.347 ±0.023 
1.098 t 0.025 
0.054 ± 0.004 
1.399 ± 0.023 
1.209 ±0.021 
0.054 ± 0.007 
1.298 ±0.023 
1.169 ±0.035 
0.063 ± 0.006 
1.421 +0.027 
1.323 ±0.031 
0.065 ± 0.005 
1.460 ±0.031 
1.256 ±0.033 
0.068 ± 0.004 
1.386 ±0.027 
1.182 ±0.029 
0.068 ± 0.003 
0.234 ± 0.022 
Ref. 
Present v\ork 
FRITIOE 
M- Ciirlo 
Present work 
FRITIOF 
M- Carlo 
Present work 
FRlTlOF 
M- Carlo 
Present work 
FRITIOF 
M- Carlo 
Present work 
FRITIOF 
M- Carlo 
Present work 
FRITIOF 
M- Carlo 
(34) 
HIJING 
(35) 
(35) 
(35) 
(25) 
(25) 
(25) 
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values obtained for the FRITIOF generated data. The increasing trends of a^ with q are in 
accordance with the predictions of a-Cascade model |1.36|. Similar pattern has been 
reported in the analysis of HIJING data [34|. However, the values of ttq are found to be 
very small and approximately constant with different q for uncorrelated MC events 
(Table 4.1). 
4.3.3 Anomalous fractal dimensions, dqi 
The anomalous fractal dimension [17,37], dq, is used for the description of fractal 
objects, which can be evaluated by the following relationship: 
d = '— (4.14) 
The formation of quark-gluon plasma in thermodynamical equilibrium may be 
responsible for the production of a phase transition to the hadron phase [38]. If the phase 
transition is of second order, the hadrons in final state would exhibit intermittent 
behaviour and the anomalous fractal dimension, dq, would be independent of the order of 
moments. If on other hand the final state hadrons are produced as a result of the 
cascading process, the fractal dimension, dq would increase linearly with q. The variation 
of the anomalous fractal dimensions, dq with the order of the moments q are compiled in 
Fig. 4.5 (a-c) for each type of interaction. The errors shown are standard errors. It can be 
seen from the figure that the value of dq decreases with increasing target mass for each 
order of the moments. It may further be noted that the anomalous fractal dimension, dq, 
increases linearly with the increase of q, suggesting a self-similar cascade mechanism for 
both the projectiles. So the behaviour of the anomalous fractal dimension, dq disfavours 
the origin of any exotic phenomenon. The values of dq are found to be relatively larger 
and grow faster with increasing order q in lepton-hadron and e V collisions [6,39] than in 
hadron-hadron collisions [18,24]. The q dependence is found to be considerably stronger 
for NA22 (Vs = 22 GeV) than for UAl (Vs = 630 GeV) in hadron-hadron interactions. In 
heavy-ion collisions, the values of dq are small and show a weak dependence on q. 
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4.3.4 Generalized fractal dimension Dqi 
The power law behaviour of the scaled factorial moments (SFMs) of the multiplicity 
distribution on number of bins M reveals self-similar behaviour and also indicates the 
existence of multifractal structures. The generalized dimension, Dq, a parameter of 
fractality is calculated with the knowledge of Eq. (4.11) in the interactions of ' Si and 'C 
nuclei with nuclear emulsion at 4.5A GeV/c. The values of Dq are plotted in Fig. 4.6 (a-c) 
as a function of order of moments, q, in rj-phase space for our data. It is obvious from the 
figures that the values of Dq decrease with the increasing order of the moments, q, and 
from Table 4.2 it is found that the values of Dq are always less than 1 for all q. The 
decreasing pattern in the values of Dq with the order of moments, q clearly gives an 
agreement with the multifractal cascade mechanism [40]. The decreasing trend of Dq with 
increasing q clearly indicates that there is no existence of second order phase transition. 
This means that there is no possibility of quark-gluon plasma formation for our data. Our 
results are comparable with the results obtained in the interactions of'^^Si-AgBr at 14.5A 
GeV/c, '^0-AgBr at 60A GeV/c and ^^S-AgBr at 200A GeV/c [35] respectively. 
Therefore, the observed scaled factorial moment analysis reveals a self-similarity 
characteristic in multiparticle production. 
4.3.5 Multifractal specific heat: 
Recently, a multifractal Bernoulli distribution [41] has been introduced to describe 
the transition from monofractality to multifractality, which is also believed to play a 
crucial role in the multiparticle production at high energies. This distribution is also used 
to find some systematics in the experimental data on fractal parameters of the particles 
produced in heavy ion collisions. The following relation for the multifractal Bernoulli 
functions is given by: 
D^=D^,+c\nql{q-\) (4.15) 
where Dq is the generalized dimension of order q and c is a constant. The constant c in 
Eq. (4.15) can be interpreted as the multifractal specific heat of the system provided 
thermodynamical interpretation of the multifractality is used [42]. 
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Table 4.2: Values of D,, for different interactions. 
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Data Set 
=^Si-Em 
4.5A GeV/c 
=*Si-CNO 
4.5A GeV/c 
-'Si-AgBr 
4.5A GeV/c 
''C-Em 
4.5A GeV/c 
'-C-CNO 
4.5A GeV/c 
'^C-AgBr 
4.5A GeV/c 
^'Si-AgBr 
14.5A GeV/c 
'"O-AgBr 
60A GeV/c 
"S-AgBr 
200A GeV/c 
D2 
0.827 + 0.008 
0.857 ±0.009 
0.789 ±0.010 
0.829 ±0.015 
0.819±0.012 
0.849 ±0.011 
0.785 ± 0.009 
0.816 ±0.019 
0.767 ±0.021 
0.802 ± 0.025 
0.772 ±0.019 
0.822 ± 0.026 
0.808 ± 0.008 
0.979 ± 0.007 
0.959 ± 0.008 
D3 
0.795 + 0.010 
0.845 ± 0.009 
0.776 ±0.008 
0.826 ±0.010 
0.803 ± 0.009 
0.844 ±0.015 
0.759 ±0.015 
0.811 ±0.016 
0.741 ±0.021 
0.791 ±0.019 
0.761 ±0.024 
0.801 ±0.013 
0.295 ±0.014 
0.831 ±0.030 
0.887 ±0.015 
D4 
0.771 ±0.011 
0.838 ±0.013 
0.771 ±0.014 
0.804 ± 0.009 
0.785 ±0.011 
0.841 ±0.019 
0.753 ±0.020 
0.801 ±0.019 
0.739 + 0.021 
0.784 ±0.018 
0.758 + 0.019 
0.791 ±0.026 
0.087 ± 0.005 
0.645 + 0.040 
0.802 + 0.033 
Ds 
0.769 ± 0.008 
0.819 ±0.009 
0.755 + 0.013 
0.780 ±0.012 
0.775 ±0.010 
0.800 ±0.021 
0.750 ± 0.009 
0.776 + 0.021 
0.732 ± 0.024 
0.756 ±0.021 
0.752 ±0.021 
0.775 ± 0.027 
D6 
0.731 +0.013 
0.780 + 0.015 
0.720 ±0.009 
0.743 + 0.011 
0.740 + 0.015 
0.766 + 0.014 
0.715 ±0.017 
0.735 + 0.021 
0.707 ± 0.023 
0.744 ±0.025 
0.723 ±0.021 
0.763 ± 0.027 
Ref. 
Present work 
FRITIOF 
Present work 
FRITIOF 
Present work 
FRITIOF 
Present work 
FRJTJOF 
Present work 
FRITIOF 
Present work 
FRITIOF 
(35) 
(35) 
(35) 
It is widely believed in thermodynamics that the specific heat of gases and solids is 
constant and independent of temperature [6] in a wide range of q. This analogy of 
constant specific heat approximation should also be applicable to the multifractal specific 
heat. 
Bershadskii [41] compared the experimental data for "^  U-Em interactions at 0.96A 
GeV [43] and '^ ^Au-Em interactions at 10.6A GeV [43] with Eq. (4.15) and found the 
values of the multifractal specific heats as ~ 1/4 and 1/3 respectively for heavy and light 
ions. 
In order to find the values of the multifractal specific heat, we have plotted the 
values of the generalized fractal dimension, Dq, obtained from Fq-moments analyses 
against In (q)/(q-l) in Fig. 4.7 (a-c) for '^Si and '^C nuclei with emulsion, CNO and AgBr 
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targets at 4.5A GeV/c in r|-phase space. The straight lines shown in the above figures are 
best linear fits to the experimental points. One can see from the figures that the values of 
Dq reveal a linear increase as a function of In (q)/(q-l). The linear behaviour in the 
figures indicates good agreement between the experimental data and the multifractal 
Bernoulli representation. The calculated multifractal specific heat extracted from the 
figures are shown in Table 4.3 for our data along with other results [35]. It is observed 
from the table that there is no systematic variation in the values of c determined for 
different types of collisions. Thus the results shown in the table do not reveal any kind of 
universality with respect to the various interactions. 
Table 4.3: Values of multifractal specific heats in nuclear collisions. 
Energy 
AGeV 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
14.5 
60 
200 
Types of 
collisions 
'^^ Si-Em 
^'Si-CNO 
^'Si-AgBr 
"C-Em 
"C-CNO 
"C-AgBr 
'^^ Si-AgBr 
"0-AgBr 
^'S-AgBr 
Multifractal 
Specific heats 
0.341 ±0.054 
0.235 ±0.061 
0.217 ±0.086 
0.221 ±0.055 
0.260 ±0.072 
0.140 ±0.058 
3.170±0.310 
1.404 ± 0.295 
0.662 ±0.127 
Ref. 
Present work 
Present work 
Present work 
Present work 
Present work 
Present work 
(35) 
(35) 
(35) 
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Fig. 4.7: Variation of Dq as a function of In (q/q-1) in r|-space for 
(a) '^Si & '-C-Em (b) '^Si & ''C-CNO and (c) '^Si & 
12 C-AgBrat4.5AGeV/c. 
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4.3.6 Non thermal phase transitions: 
It has been observed [17,37] that if the dynamics of intermittency is due to self-
similar cascading, then there is a possibility of observing a non-thermal phase transition, 
which is believed to occur during the collision. If such a non-thermal phase transition is 
present then the function [44]: 
K=— (4-16) 
q 
should have a minimum at certain value of q = qc, where qc is some minimum point in the 
distribution [45]. It has been shown that self-similar multiparticle systems behave 
differently in the two regions q < qc and q > qc. The region with q < qc is dominated by 
numerous small fluctuations, whereas the region with q > qc is due to a small number of 
rarely large fluctuations [17,37,46]. This situation can easily be compared with a mixture 
of liquid of large number of small fluctuations and a dust consisting of few grains of very 
large density. The minimum Xq defined by Eq. (4.16) may be a manifestation of 
coexistence of the liquid and the dust phase. The system in terms of q < qc and q > qc 
represents the liquid phase and dust phase respectively. The study of non-thermal phase 
transition performed in the pionization region is capable of giving valuable information 
about the collision dynamics during multiparticle production. Figs. 4.8 (a-c) and 4.9 (a-c) 
show the variation of X.q as a function of q for different M-intervals at 4.5A GeV/c "^Si 
and ' 'C interactions with emulsion, CNO and AgBr targets respectively. From the above 
figures displaying the behaviour of A.q function, it may be observed that at least two 
regimes of particle production exist: one with the phase transition at qc - 5 and another 
one for which no critical behaviour is observed. The minimum value of X.q for qc = 5 is 
clearly observed for 4.5A GeV/c ^**Si-interactions with emulsion and AgBr targets. Hence 
the result on Silicon data indicates the presence of non-thermal phase-transition in these 
interactions. 
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Fig. 4.8: Variation of X,q as a function of q in ri-space for (a) Si-Em 
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Fig. 4.9: Variation of q^ as a function of q in ri-space for (a) '^ C-Em 
(b) '^ C-CNO and (c) '^ C-AgBr at 4.5A GeV/c. 
The minimum value of A,q was found earlier in hadronic interaction [47] at small Pj. 
Ghosh et al have also reported the similar observation in different M-intervals. However, 
no such minimum value ofkq for certain value of q = qc except AgBr target is obtained 
but a saturation after certain minimum value of q is reported for the carbon data. 
4.3.7 Scaling law and scaled factorial moments: 
Seibert [48] proposed that higher order scaled factorial moments Fq to the second 
order scaled factorial moments F2 are observed to obey the scaling law. The higher order 
scaled factorial moments can be expressed in terms of second order moment by the 
relation: 
(F^-\)/q{q-\) = iF,-l)/2 (4.17) 
Thus the entire functional form of the q'*^  order scaled factorial moments is 
determined by the second order factorial moments. 
It has been reported [17,37] that instead of expanding (Fq - 1) as a function of (F2-
l) In Fq can also be expanded as a function of In F2, giving the scaling law for Fq by using 
the Eq. (4.17) in the following form: 
\nF^/g(q-]) = \nFJ2 (41.8) 
or, 2\r\FJq{q-\) = \nF, (4.19) 
In order to check the validity of the above scaling law, the values of 2 In Fq/q(q - 1) 
for different values of q as a function of In M are plotted in Fig. 4.10 (a, b) for our data. 
These figures favour the scaling behaviour. This scaling law has been verified at different 
energies (48-50), but it is too early to say the universality of the scaling law. 
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CHAPTER-V 
Conclusions 
With an outlook to study the dynamics of multiparticle production in nucleus-
nucleus collisions, we have studied "Some Characteristics of heavy Ion Collisions at 
High Energies'" in the present dissertation. The present analysis is based on 701 events of 
~^Si-emulsion and 835 events of '^C-emulsion interactions at 4.5A GeV/c. To make a 
systematic study, the body of the dissertation has been divided into five Chapters. In first 
Chapter, a brief account of the earlier works relevant to the present investigation and a 
resume of the of the present work has been presented. In the last section of this chapter 
various models have been proposed to understand the mechanism of multiparticle 
production in nucleus-nucleus collisions at high energies. Predictions of some models are 
being used to explain the experimental results discussed in Chapter IV. 
The complete discussion regarding the experimental technique has been made in 
Chapter II. This includes an introduction to the nuclear emulsion, its chemical 
composition, details of the emulsion stacks used, scanning procedures, selection criteria 
of useful events, classification of the tracks and the method of various measurements 
employed in the present experiment. 
In Chapter III, we have reported some results based on the general characteristics of 
particles produced in the interactions of "^Si-Em and '"C-Em at 4.5A GeV/c. The 
following conclusions may be drawn from this Chapter. 
(i)Tail of the shower particle distribution shifts towards the higher values of Ns with the 
increase in projectile energy for both the projectiles, thereby confirming production of 
more relativistic shower particles with the increasing incident energy, 
(ii) Integral multiplicity distribution of heavily ionizing particles is found to consist of 
four line segments, which represents various types of interaction processes in nuclear 
emulsion, i.e., peripheral, central and total disintegration of nuclei. 
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(iii) The mean multiplicity of shower particles increases as mass number of the 
projectiles increases. However, the mean multiplicity of black tracks, <Nb>, is essentially 
unchanged whereas, the mean multiplicity of grey particles, <Ng>, shows some 
dependence on the mass of projectiles. 
(iv) The multiplicity correlations of secondary particles produced in nucleus-nucleus 
collisions are similar to hadron-nucleus collisions and could be represented by a linear 
dependence. A strong correlation between the numbers of shower tracks, <Ns>, and grey 
tracks, Ng, has been observed. There exists a clear saturation in the values of <Nb> vs. Ng 
plots beyond certain values of Ng. 
(v) The multiplicity distributions of relativistic shower particles and slow particles 
produced in ^*Si and '^C-emulsion collisions in the given energy range exhibit a KNO 
scaling. The values of the normalized moments, C2and C3 are found to be independent of 
the masses and energies of the projectiles. This scaling points towards the universality of 
scaling in multiparticle production of charged particles in high-energy inelastic collisions. 
(vi) The increase of <Ns> with the number of interacting projectile nucleons indicates the 
possibility of describing the nucleus-nucleus collisions as a superposition of nucleon-
nucleon collisions. 
(vii) The negligibly small value of average charge of non-interacting projectile fragments, 
<Q>, beyond Ng = 21 for heavy target indicates that the corresponding high multiplicity 
events show complete destruction of target nucleus. 
(viii) The average multiplicities of secondary particles (<Nb>, <Ng> & <Nh>) show a 
scaling property for ^^Si and '^C - projectiles, whereas no such feature is observed in case 
of shower particle multiplicity. 
In Chapter IV, we have presented some results on 'Intermittency in Heavy Ion 
Collisions at High Energies'. On the basis of the results presented in this Chapter the 
following conclusions may be drawn: 
(i) The power law behaviour of scaled factorial moments reflects an evidence for an 
intermittency pattern of fluctuations in the interactions of ^^Si-Em and '"^C-Em at 4.5A 
GeV/c with emulsion, CNO and AgBr targets. FRITIOF data have also predicted same 
pattern. 
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(ii) The values of intermittency index, a^. with CNO target are relatively higher as 
compared to the AgBr targets for each value of q, which indicate that the values of aq 
decrease with increase of target mass for each order of the moments. The intermittency 
indices, aq, for present data are slightly larger than the values obtained for the FRITIOF 
generated data. The increasing trends of aq with q are in accordance with predictions of 
a-cascade model. Similar pattern has been reported in the analysis of HIJING data. 
However, the values of aq are found to be very small and approximately constant with 
different q for uncorrelated MC events. This gives an indication for the absence of 
statistical contribution in the experimental data. 
(iii) The linear increase of anomalous fractal dimension, dq, with the increase of the order 
of the moments suggests a self-similar cascade mechanism. 
(iv) The decreasing trend in the value of generalized dimension, Dq, with increasing order 
of the moments clearly indicates that there is no existence of second order phase 
transition. 
(v) It is observed from the present study that there is no systematic variation in the values 
of the multifractal specific heat determined for different types of collisions. Thus our 
results do not reveal any kind of universality with respect to the various interactions. 
(vi) The minimum value of Xq for certain value of q indicates the presence of phase 
transition for "*Si data. 
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